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KE7 TO ABBREVIATIONS
This list refers to abbreviations and important terms 
used throughout this dissertation. Whenever a term is first 
introduced, it will be defined within the context. If a 
term is not frequently used, it will be redefined as neces­
sary.
MUSEUMS (see also Appendix 0 for other museums and field 
locales not listed here):
AMNH = American Museum of Natural History, Department of 
Mammalogy (New York)
BMNH = British Museum Natural History (London)
BMNH DVP = as above, Department Vertebrate Paleontology
F .AMNH DVP = Frick Collection, American Museum of Natural
History, Department of Vertebrate Paleontology
FMNH = Field Museum of Natural History (Chicago)
FMNH PM = as above, Paleontology Mammals
GMC = Geological Museum of Cairo, Cairo, Egypt.
KNM OM = Kenya National Museum (Nairobi), Osteology Mammals
MNHN DVP = Museum National d'Histoire Naturelle, Department 
of Vertebrate Paleontologie, Paris, France
MNHN CA = as above, (Department of) Comparee Anatomie
MSUMZ = Michigan State University Museum of Zoology, 
Lansing, Michigan.
NMNH = National Museum of Natural History (Smithsonian 
Institution, Washington, D.C.)
UM = University of Michigan (Ann Arbor), Department of 
Vertebrate Paleontology
UMMZ = as above, Museum of Zoology
WSUMNH = Wayne State University Museum of Natural History 
Detroit, Michigan.
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OTHERS
ADD = antigenic distance difference 
AADT = albumin antigenic distance table(s)
AASEQ = amino acid sequences
CAAEMMH = chicken antiserum against Elephas maximus 
muscle homogenate
CFA = complete Freund Adjuvant
Cl = consistency index
CIEF = cross (or crossed) immunoelectrophoresis
EC = Evolutionary changes (generally used with
morphological data to imply the same as NR for AASEQ)
EDTA = ethylene diamine tetraacetic acid
EF = electrophoresis
EFsd = electrophoresed
EPS = equally parsimonious solutions
GARGG = goat anti-rabbit gamma globulin
GGS * George Gaylord Simpson
GMPM = Goodman's maximum parsimony method (after Goodman et 
al. (1982)
Homoplasy = convergent evolution, parallel evolution, and 
back mutation (or reversal)
ICFA = incomplete Freund Adjuvant
IEF = immunoelectrophoresis
IMDFN = immunodiffusion
ma = see mybp
MC'F = microcomplement fixation 
MCM = Malcolm C. McKenna 
MP = maximum parsimony
mybp (ma) = million years before present
xv
NR = nucleotide replacements (generally used with AASEQ 
data to imply the same as EC for morphological data)
PAEN = Paenungulata (after Simpson, 1945; see Appendix B)
PAUP = phylogenetic analysis using parsimony (after 
Swofford, 1984)
pers. comm. = personal communication
RACGG = rabbit antiserum to chicken gamma globulin
RIA = radioimmunoassay
rpm = revolution per minute
TCA = trichloro-acetic acid
Tethytheria = part of PAEN (after McKenna, 1975 and pers. 
comm.; see Appendix D)
TPMMD = a compute program that provides distance matrices 
between taxa compared
UWPGM = unweighted pair group method (after Sokal and 
Michener, 1958)
WSU = Wayne State University.
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49. Left manus of Orycteropus afer A, Dendrohyrax 
dorsalis B, and Arctocephalus qaiapagoensis C. 
Diagram in D is the same as C m  Fig. 47. where 
names of individual bones are given. Bones of 
Orycteropus and Dendrohyrax are magnified of 
same in Fig. 48., and those of Arctocephalus are 
included for comparison with Trichechus 
(Fig. 48F): both are aquatic mammals yet
Arctocephalus exhibits alternate carpal 
(symplesiomorphic for Mammalia) while Trichechus 
(also Elephas, and Dendrohyrax) exhibitTi serial 
carpal (synapomorphic condition). [Photographs 
by R. W. McDowell at the AMNH.] ................
50. Left pedes of A = Elephas maximus (Proboscidea), 
B = Tapirus indicus (Perissodactyla), C = Sus 
scrofa (Artiodactyla), D = Orycteropus after 
(Tubulidentata), and E = Dendrohyrax dorsalis. 
F is a close up of the tarsus in E, and G is the 
same as F in Fig. 47. where names of individual 
bones are given. Note that an astragalus-cuboid 
contact (plesiomorphic for Mammalia) occurs in B
and C. Photographs by R. W. McDowell at the
AMNH................................................
51. Posterior views of crania (not to scale) showing 
variations in the bones contributing to the
foramen magnum. A: Cavia porcellus (Mammalia,
Rodentia), B: Chelydra serpentina (Reptilia,
Chelonia), C: Trichechus manatus (Mammalia,
Sirenia), D: Sus scrofa (Mammalia, Artiodac­
tyla). BO = Basioccipital, EO = Exoccipital, FM 
= Foramen magnum, SO = Supraoccipital (see 
character No. i2 in Table 33)....................
52a. Geometric and geographic reconstruction of the 
world's continents during four geological time 
periods, showing changes that occurred at the
boundaries of the Tethys Sea. Members of 
Tethytheria (McKenna, 1975, and pers. comm.) are 
believed to have inhabited the shores of the 
Tethys during the Eocene and possibly at an
earlier geological epoch. [Figures after Tar-
ling, 1980; see also Press and Siever, 1974; and
Savage and Russell, 1983; cf. Fig. 52b.] . . . .
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52b. Star at the northeast corner of the African 
continent indicates the Fayum locality (Eocene- 
Oligocene), of today's Egypt, where fossil 
remains of Sirenia (represented by T = 
Trichechus seneqalensis), Proboscidea
(represented by L = Loxodonta africana), and 
Hyracoidea (represented by P = Procavia capen­
sis) were first found. Subsequent discoveries 
of representatives of these three orders outside 
the African continent expand their habitat to 
include the shores of the ancient Tethys Sea 
[the basis for McKenna's (1975) Tethytheria 
(cf. Fig. 52a); Simpson (1945) included these 
three orders in the Paenungulata]. Fossil 
remains of Tubulidentata (represented by O = 
Orycteropus afer) were found in Madagascar, 
Africa, and Eurasia. Based on morphological and 
molecular evidence T, L, and P share a 
monophyletic origin; but 0 is part of this group 
based primarily on molecular evidence [cf. Figs. 
32 and 27 and see Section VI (Volume I) for 
details]. Artwork by J. Petzoldt, Design Ser­
vices, WSU..................... ...................
53. Relationships among proboscidean taxa (from Os­
born, 1934:178). Note that in the memoirs of 
Osborn (1936, 1942, both published posthumously) 
this writer could not find a simplified figure 
as this to depict an overall phylogeny of the 
Proboscidea. A major difference between this 
phylogeny and later thought of Osborn (as ex­
pressed by the editors of Osborn's memoirs) is 
that the Stegodon was removed from the family 
Elephantidae (see Table 45)......................
54. Relationships and classification of the probos­
cidean genera extensively examined in this study 
[modified after Maglio (1973) and Coppens et 
al. (1978), see also Natl. Geog. Mag., 
158(5):582-583]....................................
55. Radiation of the family Elephantidae (after
Maglio, 1973:77 and Coppens et al., 1978:361). .
56. Traditional relationships among the Elephan­
tidae, based mostly on dental evidence (e.g., 
Aguirre, 1969; Maglio, 1973), as depicted in 
cladogram A. Cladograms B and C are alternative 
hypotheses tested. Mammut americanum was 
employed as an outgroup taxon. Tree lengths 
derived by the Parsimony computer analyses 
(numbers in parentheses) are given for each
cladogram [after Shoshani et al., 1985c;
cf. Figs. 79 and 80]..............................
342
350
351
352
353
x x x v i
57. Possible migratory routes and geographical dis­
tribution of proboscidean taxa. Note that 
Moeritherium (Moeritherioidea) and Deinotherium 
(Deinotherioidea) are excluded from this map 
because at the time that this hypothesis went to 
press [See Natl. Geog. Mag., 158(5):582-583], 
the author followed Coppens et al.'s (1978) 
points of view. World distribution of Probos­
cidea (including Moeritherium and Deinotherium) 
was given by Osborn (1942:1528, 1538), and of
Elephantidae by Maglio (1973:113, 115-116).
[See also West, 1983; Wells and Gingerich, 1963; 
and Domning et al., 1986, for more recent 
hypotheses]........................................
58. Four early views on the relationships among 
species of elephants. Originals from: A (Leith 
Adams, 1881); B (Weithofer, 1888); C (Gaudry, 
1888); D (Soergel, 1912) [after Maglio, 1973:7],
59. Examples of immunodiffusion results using 
chicken antiserum against Asian elephant 
(Elephas maximus) 
muscle homogenate. The top row (A-bT shows 
results with unabsorbed antiserum, and the 
middle and bottom rows (C-F) show results with 
antiserum absorbed with Elephas maximus whole 
serum (2 parts antiserum + 1 part of serum). 
Antigens 1-6, and 8 are muscle supernate; an­
tigen 7 is whole serum; antigens 9-12 are bone 
extracts. In A-D photographs of the experiments
are presented; results of C and D are drawn in
1 1
C and D to delineate the faint precipitin 
lines. However, in E-F drawings of the results 
are shown because they photographed poorly; the 
precipitin lines were faint and the agar tended 
to be clouded but did not interfere with the 
reactions. Compare these results to those 
presented in Tables 46-51. Key: Em = Elephas 
maximus; Mp (D) = Mammuthus primiqenius, of
"Dima"; Mp (Y) = of "Yuribey"; Mp (V) = Mammoth 
vertebra sample; La = Loxodonta africana; Ma = 
Mammut americanum; Tm = Trichechus manatus. 
[This figure and Figs. 60-61 and 63 are after 
Shoshani et al., 1985b.] .........................
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60. Examples o£ immunodiffusion results using 
chicken antiserum against woolly mammoth (Mam­
muthus primigenius) muscle precipitate, provid­
ing reciprocal evidence for the kinship of 
living elephants to the extinct woolly mammoth 
within the family Elephantidae. Wells A-D con­
tain antisera and wells 1-8 contain antigens.
All antigens are muscle supernatants. Key: same
as for Fig. 59. In the left column the 
photographs are presented, whereas in the right 
column, the same results are drawn to delineate 
the precipitin lines from the clouded agar. 
Compare these results with those presented in 
Tables 46-51.......................................
61. Elution profile of hydrolysate of an American 
mastodon (Mammut americanum) bone extract. Each 
amino acid residue position was determined by a 
calibrated standard. Unusual to this analysis 
is the presence of significant quantities of 
hydroxylysine and hydroxyproline, amino acids 
usually present in collagen. The solid line
(___) represents the signal detected at 570 nm;
the broken line (---- ) represents the signal
detected at 440 nm.................................
62. Polyacrylamide gel patterns from rat (Rattus 
rattus) collagen and mastodon (Mammut
americanum) bone extracted material. A: Rat
collagen, 25 microgram; B: EDTA extract of
mastodon bone, 100 microgram; C: Rat collagen,
50 microgram; D: Acetic acid extraction of EDTA 
insoluble material from mastodon bone; E: Rat
collagen, 100 microgram; F: Trichloroacetic
acid extraction of the insoluble material from 
the acetic acid extraction of mastodon bone.
Note the typical appearance of alpha, beta, and 
gama chains in the collagen standard. Note also 
the absence of clearly defined protein bands in 
the mastodon samples, despite the detection of 
large quantities of amino acid materials and the 
presence of immunologically reactive materials 
within these samples..............................
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63. Radioimmunoassay (RIA) reactions with rabbit 
antisera against: A. Purified albumins of Asian
elephant (__ ), North American manatee (---- ),
and human C ). This graph, therefore, shows
specific albumin reactions in the tissues (whole 
extracts) of three woolly mammoths of different 
ages (10,000, 40,000, and 53,000 years before
present). Though the reactions decrease with 
time, they retain species-specificity, as shown 
by weaker binding of anti-manatee and anti-human 
antisera. B. Purified collagens of Asian
elephant (___) and domestic cow (--- ). This
graph, therefore, shows specific collagen reac­
tions of the same three woolly mammoths as in A. 
Again, binding of anti-elephant collagen remains 
stronger than binding of anti-bovine collagen 
(whole extract)....................................
64. Line drawings from photographs of cross im- 
munoelectrophoresis performed on blood samples 
of Asian elephant (Elephas maximus) and woolly 
mammoth (Mammuthus pnmigenius). Two separate 
experiments are shown here: A, A* and B,
B'. Fig. A' depicts precipitin lines formed
after the elephant's antigens met with the an­
tiserum (chicken anti-Elephas maximus whole 
serum). In B 1 we observe that the elephant and 
the mammoth samples share some antigenic 
similarities at Al . 9Key: + = anode; - =
cathode; E = precipitin lines associated with 
the elephant sample; M = precipitin line as­
sociated with the mammoth sample; Al = area of 
identity between the elephant and the mammoth 
samples [see Sections B.l.4 under METHODS and
A.4 under RESULTS (in Volume II) for details]. 
[Artwork by R. P. M. Klaiber-Franco.] .........
65. Selected representatives of proboscidean skulls 
showing changes in shapes during the evolution 
of Proboscidea. A = Moeritherium qracile, B = 
Phiomia wintoni, C = Gomphotherium~ anqustidens, 
D = Platybelodon qr a n q e n , E = Tetralophodon 
grandincisivus, F = Rhynchotherium tlascalae, G 
= Deinotherium qiqanteum, H = Mammuthus 
primigenius, I = Loxodonta africana, J = Elephas 
maximus, showing marked brachycephaly compared 
with Lj_ africana (after Spinage, 1972:153; A-C 
and G-H after Romer, 1966; D-F and I-J after
Osborn, 1936 and 1942). [Note: not all scien­
tific names given here are used today, see for 
example Tables 45 and 52, Simpson (1945), and 
McKenna (unpublished classification, pers. 
comm.] ............................................
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66. Maglio's (1973:105) generalized, diagrammatic 
representation of changes in the elephant skull. 
Note that as the center of gravity (ctg) of the 
skull is shifted posteriorly, the insertion of 
the nuchal muscles (nm) on the occipital region 
of the skull (oc) is elevated above the level of 
the occipital condyles............................
67. Principles of leverage exhibited in proboscidean 
evolution: Top the third order of lever of Gom- 
photherium anqustidens, and Bottom the first 
order of lever of Mammuthus primiqenius. The 
latter also depicts how shortening of the weight 
arm is effected by the upwardly curving tusks 
(after Spinage, 1972:154)........................
68. Ventral (left) and dorsal (right) views of 
cranium of a juvenile Asian elephant, Elephas 
maximus, showing bones, foramina, and other 
features examined during this study [about 1/5 
natural size; after Gregory, 1903:390-391, and 
Osborn, 1942:916; with minor changes; cf. Fig. 
14], Key: A na.“Anterior nares; a.p.f.=Anterior 
palatine foramina (canals); Bo.-Basioccipital; 
Bs.=Basi sphenoid; c.f.=Notch, a vestige of con­
dylar foramen (?) (confluent with f.l.p.);
e.a.m.= (secondary) external auditory meatus; 
eu.=Eustachian opening of tympanic; Ex.o.= Ex- 
occipital; f.1.m.=Foramen lacerum medium;
f.l.p.= Foramen lacerum posterius; f.ov.=Foramen
ovale (confluent with f.l.m.); Fr.=Frontal;
f.st.m.“Stylomastoid foramen; \ i.2.=Tusk;
i.c.c.=Canal for internal carotid artery; 
i.o.f.=Infraorbital foramen; L .“Lachrymal; 
Ma.“Malar (=Jugal); Mx.=Maxilla; Mx.p.“Maxillary 
pouch for molars; Na.= Nasal; Na.ss.=Narial
sinus; o.c.“Occipital condyle; p3 (dm2).“Third
premolar (or second deciduous molar of authors); 
p4 (dm3).“Fourth premolar (or third deciduous 
molar of authors); Pa.= Parietal; 
pal.Mx.=Palatine ledge of maxilla; p.a.s.= 
Alisphenoid canal; p.As.“Pterygoid wing of
alisphenoid; pg.“Postglenoid ledge of squamosal;
PI.=Palatine; P.mx.“Premaxilla; P na. and
p.n.“Posterior nares; Po.f.“Postorbital ridge of 
frontal; Ps.=Presphenoid; Pt.“Pterygoid;
p.ty.=Post-tympanic ledge of squamosal, which 
with pg. forms a secondary external auditory 
meatus (=e.a.m.); So.=Supraoccipital;
Sq.“Squamosal; tp.h.=Tympanohyal; Ty.“Tympanic
bulla; ty.p.“Anterior process of tympanic;
Vo.“Vomer..........................................
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69. Lateral view of skull of an Asian elephant, 
Elephas maximus, showing bones, foramina, and 
other features examined during this study (after 
Osborn, 1942:917); Key as in in Fig. 68 
[cf. Fig. 15]......................................
70. Lateral view of the skeleton of the Berezovka 
mammoth, Mammuthus primiqenius (after Zalenskii, 
1903:Tabula XXIvT. Compare to Figs. 13 and 65 
for names of bones and modifications from basic 
skeletal features. [Skeleton is at the Zoology 
Museum of the Academy of Sciences, Leningrad, 
USSR.] .............................................
71. Anterior view of same as in Fig. 70 (after 
Zalenskii, 1903:Tabula XXV)......................
72. Portions of vertebral columns of five Elephan­
tidae species (after Osborn, 1942:1229). From 
top to bottom the following are synonyms after 
Maglio, 1973: Elephas antiquus, Loxodonta 
africana, Elephas maximus, Mammuthus 
primige'nius, and Mammuthus columbi . The concave 
and convex outline of the thoraco-lumbar regions 
of L^ africana and E^ maximus, respectively are 
highlighted as they are discussed in the text. .
73. Left scapulae of four proboscidean genera ex­
hibiting a gradual shift of the infraspinous 
fossa (I) towards the medial side of an upright 
mounted skeleton. This feature can better be 
seen in the top figure from left to right. 
Bottom, note that only the scapula of Loxodonta 
africana balances between the "I" and 
supraspinous fossa (S), in the other three 
scapulae (and in Gomphotherium, not shown) the 
"I" touches the ground (levelled surface). 
Photographs (also of next two figures) by R. W. 
McDowell at the AMNH..............................
74. Left femora of four proboscidean genera ex­
hibiting a gradual shift of lateral condyle (L) 
towards the posterior end of an upright mounted 
skeleton. This feature can better be seen in 
the top figure left to right. Bottom, note that 
the heads of the femora of Mammut and Loxodonta 
are raised above the ground (levelled surface) 
while those of Elephas and Mammuthus touch the 
ground..............................................
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75. Left manus (left) and pes (right) of Elephas 
maximus (AMNH 30243) depicting pentadactylus 
(even though externally the number of "toes" 
varies between 3-5) and serial carpus and tar­
sus. Compare to Figs. 13 and 70 for names of
bones and locations on skeleton..................
76. Medial views of magni of five proboscideans
depicting continuous (c) versus interrupted (i) 
and step-like trapezoid articulating surfaces 
(see arrows). A = Loxodonta [exhibiting (c)], B 
= Elephas (i), C = Mammuthus (i), D = Mammut 
(c), and E = Gomphotherium (i)J Bones A, B, and 
C are from the left side, whereas bones D and E 
are from the right side. (See character Tables 
52 and 54; photograph by J. Shoshani at the
AMNH)...............................................
77. Astragali of Proboscidea. Top, dorsal aspect, 
distal end toward top of page (L=left, R=right). 
Bottom, dorsal aspect, distal end toward right 
of page (all bones are from the right side). 
Note that all astragali have short necks and 
semi-circular navicular (distal) facets. Also 
note that only the Brezina specimen has a dis­
tinct knob at the lower right corner of the 
bone. At bottom the bones are positioned such 
that the ectal facets are towards the bottom for 
the examination of the degree that this facet 
makes with a levelled surface; in Elephas and 
Mammuthus the angle is usually smaller than in 
Loxodonta and Mammut. [Top photograph by 
J. Shoshani at the MNHN DVP and MNHN CA, bottom 
by R. W. McDowell at the AMNH.] ................
78. Plantar views of right calcanea (except 
Loxodonta and Gomphother ium in A) of six 
proboscideans depicting character No. 55 in 
Tables 52 and 54. A line in continuation 
towards the lateral side, will either: (1) pass 
proximal and posterior to the cuboid (c) facet 
[between the cuboid (c) and the combined ectal 
(e) and fibular (f) facets], or (2) intersect 
the cuboid facet (arrows in D). Credits: A by 
J. Shoshani at the MNHN DVP and MNHN CA, B and C 
by R. W. McDowell at the AMNH, artwork (D) and 
layout by J. S. Grimes............................
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79. A consensus cladogram on the relationships among 
12 (L^ a^ africana and a_^  cyclotis are
grouped) proboscidean taxa based on 58 non­
dental osteological characters. The polyphyly 
at the root of Proboscidea is due to limited 
data for most of the seven proboscidean taxa 
sharing this node (see Fig. 80, Table 52, and
text for details).................................. 425
80. A cladogram on the relationships among nine 
proboscidean taxa based on 58 non-dental os­
teological characters. The dashed lines imply 
that based on the available materials and 
species examined, Deinotherium and Palaeomas- 
todon can exchange places Tthe placement of
Palaeomastodon closer to the rest of the 
Proboscidea than Deinotherium is based mostly on 
dental evidence (see Domning et al., 1986 and
text for details).................................. 426
81. Relationships of the stylohyoidea bones to the 
rest of the hyoid apparatus and the positions of 
these bones on the crania of elephant and human 
(after Inuzuka et al., 1975:51)..................  430
82. Drawings of stylohyoidea bones of proboscidean 
genera (A = Mammut, B = Gomphotherium, C = 
Loxodonta. D = Elephas, E *= Mammuthus) as they 
would appear on the crania of these taxa [see 
Fig. 83 for actual specimens; drawings for this 
figure and Fig. 85 by M. Piccarelli]..............  431
83. Stylohyoidea bones of proboscidean genera (A-D 
as in Fig. 82, X * Mammuthus primigenius) ; 
drawing in Fig. 82E is from the specimen shown 
in Fig. 84. [Photographs for this and Figs. 87-
90 are by R. Bielaczyc.]......................... 432
84. Stylohyoideum bone of Mammuthus columbi (NMNH 
J9935, see Appendix P), scale is 1:1, photograph 
from an X-ray film, courtesy of D. Stanford and
G. Haynes........................................... 433
85. Drawings of stylohyoidea bones of proboscideans 
in anterior view (A - E as in Fig. 82). The 
dashed lines imply that those bones were not 
available at the time of drawing. (See note to
next figure, Fig. 8 6 . ) ...........................  434
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86. Stylohyoidea of a fetus Loxodonta africana 
(left) and a 3-day old Elephas maximus (right) 
viewed postero-dorsally to show differences in 
the angle of deflection of the inferior rami 
(character 14 in Table 54).
NOTE: This is not the natural position of these
bones (see Fig, 81. for their natural position); 
the bones are held with a clear tape along the 
medial borders of the superior-posterior rami to 
illustrate the differences between the lateral 
angles of deflection of the inferior rami (see 
also Fig. 85). [Photograph by J. Shoshani at 
the BMNH. ] ......................................... 435
87. Stylohyoidea bones of Elephas maximus showing 
variations among individuals. A and B belong to 
the same individual, similarly E and F, C is an 
odd bone from the AMNH, D belongs to "Iki" (see 
Appendix P for additional details)............... 436
88. Stylohyoidea bones of Loxodonta africana showing 
variations among individuals. A-C are from
a . af ricana; D-F are from L_j_ a_^  cyclotis. Ex­
cept for D and E which belong to the same in­
dividual, the rest are odd bones (see Appendix P 
for additional details)...........................  437
89. Stylohyoidea bones of A = Gomphotherium sp., B = 
Loxodonta africana, C = Gomphotheriurn sp., D =
Serridentinus productus. Stylohyoidea of A, C-D 
were not described in the literature consulted
(see Appendix P for additional details)..........  438
90. Stylohyoideum bone of Loxodonta a . africana 
depicting a "tine"; see character No. 15 in 
Table 54 (see Appendix P for additional 
details). .  ....................................  439
91. Relationships among five proboscidean genera 
based on five characters of the stylohyoideum 
bone. Synapomorphies are: A = presence of 
posterior ramus (character 11 in Table 54); B = 
absence of a "shelf" at the base of the inferior 
ramus (12 in Table 54); C - delicate bone, flat, 
and oblong in a cross section (13 in Table 54), 
and a narrow angle of deflection of the inferior
ramus (14 in Table 54)............ .. 441
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92. Goodman's (1983) summary of a selectionist view 
of the acceleration-deceleration pattern in 
rates of protein evolution. Calculated rates 
for molecular and morphological data examined in 
this study encompass and corroborate the pat­
terns shown at points 3-7 on the graph. Points 
6-7 can be substituted to include taxonomic 
categories within other eutherian orders, e.g., 
Rodentia and Proboscidea [cf. Tables 30-32, 35, 
and 60; and Sections E (under DISCUSSION in 
Volume I) and A.4 (under DISCUSSION in Volume 
II) for details]...................................
93. "Dima", the Magadan woolly mammoth calf (Mam­
muthus primiqenius, radiocarbon dated 44,000 
years before present) whose tissues were ex­
amined during this study. Top; at the site of 
discovery - Magadan region, USSR; Bottom left: 
air dried samples of clotted blood and muscle, 
as received; Bottom right: close up of the
muscle tissues (scale in mm). [Photo credit: 
Top - Dr. Lozhkin (from V. M. Mikhelson), Bottom 
(both) - M. I. Barnhart of WSU.] ................
94. "Elmer" at Oakland Community College, Highland 
Lakes Campus, Union Lake, Michigan. Top: 
lateral view of skull and shoulder girdle; Bot­
tom left: posterior view; Bottom right: bone
dust collected (not seen in this view) for 
protein analysis while drilling holes for sup­
porting rods for mounting. [Photo credits: Top
and bottom left - J. Shoshani; Bottom right -
J. H. Bailey of the National Geographic Society 
(see Gray, 1983:68).] ...........................
484
530
532
xlv
L I S T  O F  A P P E N D I C E S
Appendix Page
A. An abridged classification of the class Mammalia 
(after Gregory, 1910)..............................  493
B. An abridged classification of the class Mammalia 
(after Simpson, 1945)..............................  495
C. Correspondence with the late George Gaylord 
Si m p s o n............................................  498
D. An abridged classification of the class Mammalia 
(after McKenna, 1975 and pers. comm., 1985) . . . 501
E. An abridged classification of the class Mammalia 
(after Honacki et al., 1 9 8 2 ) ....................  504
F. A summary of vertebrate taxa and number of 
species examined/OTUs or compared in this study. 505
G. Mammalian species employed in the immunochemical 
parts of this study, type of tissues used, and
the sources of these tissues......................  508
Ha. Raw immunodiffusion data collected with chicken
antisera to whole sera of six mammalian species. 519
Hb. Raw immunodiffusion data collected with chicken 
antisera to purified albumins of 10 mammalian 
species............................................  522
I. Additional information on the tissues of the 
three woolly mammoths (Mammuthus primiqenius) 
used in the immunological part of this study. . . 529
J. The Groleau-White Lake Mastodon [Mammut 
americanum, radiocarbon dated 10,200 ± 170 years 
before present (see Letter on next page)], also 
known as "Elmer", whose bone tissues where ex­
amined during this study.......................... 532
K. List of species examined in the amino acid se­
quences part of this s t u d y ......................  534
L. List of taxa and osteological data collected on 
non-dental characters. (*) [Footnotes {*), (2),
(3), and (4) appear at the end of this appendix.] 537
M. Rodentia species examined during the osteological
part of this study.) ( M ........................  554
xlvi
N. Proboscidean species examined during the os­
teological part of this study.....................  557
0. List of Museums and Field Locales in which os­
teological material was examined during this 
study................................................  559
P. Taxa and museum locations of the stylohyoidea
specimens examined in this study, N = 47..........  561
Q. A protocol for running various computer programs
employed in this dissertation................... - . 564
R. A Geological Time-scale [simplified after the
Geological Society of America (1985)]............... 571
x l v i  i
V O L U M E  I
THE PAENUNGULATA AND MAMMALIA IN GENERAL
1
2I. INTRODUCTION 
A. MAMMALIA: OVERVIEW
The class Mammalia is generally divided into three 
major groupings: the monotremes (echidnas and duckbills),
the marsupials, and the eutherians or placentals (Simpson, 
1945). This tripartite division, where Monotremata is the 
earliest offshoot of the class Mammalia and Marsupialia and 
Eutheria share more recent ancestry, appears to be the only 
grouping most mammalian taxonomists agree upon (Bensley, 
1903? Simpson, 1945; Romer, 1966? Lillegraven, 1975; Kirsch, 
1977a). These relationships are schematically depicted in 
Fig. 1. Evidence presented in this dissertation cor­
roborates this tripartite division.
There are almost no differences regarding the taxonomy 
within the Monotremata and only a few differences regarding 
the taxonomy within the Marsupialia (Simpson, 1945; Ride, 
1964, 1970; Kirsch, 1977b, 1977c; see also Table 15-1 in 
DeBlase and Martin, 1981; and Szalay, 1982). Thereafter, 
controversies center on the branching patterns close to the 
root of Eutheria; "...the phylogenetic history of eutherians 
is commonly depicted as a bushlike radiation sprouting from 
mysterious roots at the end of the Mesozoic." (Novacek, 
1982:3). Fig. 2 represents one view on eutherian phylogeny: 
an hypothesis that would draw few or no objections.
Figures 3 and 4 (after Gregory, 1910 and Romer, 1966) 
are good examples of eutherian "bushlike radiation." Such
PROTOTHERIA METATHERIA EUTHERIA
MAMMALIA
Figure 1. Tripartite division of the class Mammalia as employed by mammalian sys- 
tematists (e.g., Simpson, 1945) and also corroborated in this study.
E U T H E R I A
Figure 2. A working hypothesis for relationships within the infraclass Eutheria (number 
of "ascending taxa" is schematic; cf. Fig. 34).
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Figure 4 . Radiation o£ the infraclass Eutheria, class Mammalia (after Romer, 1966:208)
7ambiguous representations of mammalian radiations are used 
because most orders of Eutheria appear suddenly in the fos­
sil record in the same limited geological stratigraphic 
interval in the Paleogene [Simpson, 1945; Sloan and Van 
Valen, 1965; Romer, 1966; Kurten, 1971; McKenna, 1975; 
Szalay, 1977; Maglio and Cooke, 1978; Van Valen, 1978b; 
Savage and Russell, 1983 (see, however, review of McKenna,
1983); Anderson and Jones, 1984]. Important studies on 
mammalian classification and phylogeny were reviewed by 
Novacek (1982).
Traditionally, only paleontologists and morphologists 
have been involved in the resolution of these phylogenetic 
questions (Weber, 1904, 1928; Gregory, 1910 ; Simpson, 1945, 
1975; Romer, 1966; Hotton, 1968; Szalay and Decker, 1974; 
McKenna, 1975; Szalay, 1977; Schaeffer, et al., 1972). 
Recently however, molecular methods have also been employed 
to study mammalian phylogeny. These methods include im­
munology (e.g., Nuttall, 1904; Boyden, 1942; Goodman,1975; 
Sarich and Cronin, 1980; Shoshani et al., 1981), amino acid 
and/or nucleotide sequencing of proteins (Goodman, 1982; Nei 
and Koehn, 1983; Koop et al., 1986; Miyamoto and Goodman, 
1986), and DNA hybridization (Sibley and Ahlquist, 1984, 
1986; O'Brien et al., 1985; Benveniste, pers. comm.). The 
molecular/immunological approaches should be viewed as sup­
plemental to, and not as replacement for, the traditional 
methods.
8B. THE PAENUNGULATA
The Paenungulata is a superordinal category coined 
first by Simpson (1945). It includes the contemporary 
Proboscidea (elephants and their relatives), Sirenia 
(manatees and dugongs), and Hyracoidea (hyraxes or conies) 
plus five extinct mammalian taxa. Traditional classifica­
tion schemes (Appendices A and B) and phylogenetic 
reconstructions portray Proboscidea, Sirenia and Hyracoidea 
as related to each other (Gill, 1870; Gregory, 1910; Zittel, 
1923; Wislocki and van der Westhuysen, 1940; Simpson, 1945; 
Romer, 1966; Thenius, 1969; Meyer, 1978). Weitz (1953) and 
Hanks (1977) indicated specific affinity of Hyracoidea to 
Proboscidea. Some workers, however, have suggested that 
Hyracoidea is related to Rodentia (Storr, 1780; Cuvier, 
1798), to Notoungulata (Ameghino, 1897; Stromer, 1926), or 
to Perissodactyla (Gaudry, 1862; Owen, 1868; Frechkop, 1936; 
Whitworth, 1954; McKenna, 1975; Fischer, 1985).
The phylogenetic position of Tubulidentata (represented 
only by one living species, the aardvark, Orycteropus afer) 
within the Eutheria is problematic because of its special­
ized adaptations. Simpson (1945) placed Tubulidentata in 
the superorder Protungulata together with other extinct or­
ders including Condylarthra, and placed the Protungulata, 
Paenungulata, carnivores and ungulates in the cohort Ferun- 
gulata (see Appendix B). According to Patterson (1975), 
opinions regarding the affinities of Tubulidentata fall 
into three main categories: (1) it is related to Edentata
9and/or Pholidota; (2) it is an isolated order independently 
derived from Mesozoic mammals; or, (3) its relations are 
with the ungulates and its ancestry was condylarthran (see 
also Simpson, 1945 for further discussion). Clark and Sonn- 
tag (1926) suggested the condylarthran hypothesis and added 
that Tubulidentata shares phylogenetic affinity with the 
ungulates but is especially related to Hyracoidea and 
Proboscidea. Studies of Shoshani et al. (1978 and 1981 and 
this study), de Jong et al. (1981), and Rainey et al. (1984) 
have provided evidence that Tubulidentata is phylogeneti- 
cally most closely related to Proboscidea, Sirenia and 
Hyracoidea. Thewissen (1985), however, challenges the con­
dylarthran and paenungulatan hypotheses on morphological 
grounds. Results based on non-dental osteological charac­
ters (Shoshani, 1986) and as presented here show Tubuliden­
tata as a sister-group to the condylarth derivatives Un- 
gulata (Artiodactyla and Perissodactyla) and Notoungulata.
Table 1 provides an overview of the above mentioned 
hypotheses. It also summarizes the suggested relationships 
among Proboscidea, Sirenia, Hyracoidea and Tubulidentata, 
and their affinities to other mammalian taxa. The entries 
to this table are in chronological order and each one is 
annotated; it is organized so as to provide some ideas on 
the prevailing thoughts and/or phylogenetic conclusions for 
a particular relationship(s) at a given time.
Table 1. A summary of relationships among Proboscidea, Sirenia, 
Hyracoidea, and Tubulidentata and their affinities to other mammalian 
taxa as suggested by various workers, from Linnaeus to the present^
Relationships(1) — > 
Author(s3) Year
P
S
P
H
P
Pi
s
Pi
s
c
H
R
H
PS
H
N
H
Cd
PS
H
TE
Ph
T
Mz
T
Cd
TH
P
TC
I
TH
PS
PA
PS
SA
Ps
PHA
PS
PSH
PS
Linnaeus(4) 1758 X
Brisson(*) 1762 X
Scopoli(‘) 1777 X X
Blumenbach(7) 1779 X X
Storr(*) 1780 X X X
Pennant(’) 1781 X X
Geoffroy and G. 
Cuvier (10)
1795 X X
G. Cuvier(12) 1798 X X X
Lacepede(12) 1799 X X X
G. Cuviert13) 1800 X X X X
Illiger{14) 1811 X X X
Blainville(15) 1816 X
T a b l e  1 ( c o n t i n u e d )
R e l a t i o n s h i p s (2) — >
A u t h o r ( s 3 ) Y e a r
P
S
P
H
P
Pi
S
Pi
S
C
H
R
H
PS
H
N
H
C d
PS
H
T E
P h
T
M z
T
C d
TH
P
T C
I
T H
P S
P A
PS
SA
Ps
PHA
Ps
P S H
P S
G. Cuvier(1 *) 1817
Blumenbach(11) 1830
Blainville(1 *) 1834
Bonaparte(1’) 1837
Gaudry(10) 1862
Owen(21) 1868
Gill(2 2) 1870
Huxley(2 3) 1872
Gill(2 *) 1873
Doran(2 s) 1876
Flower(2 *) 1883
Parker(2 7) 1885
Flower and
Lydekker(2•)
1891
Ameghino{2 *) 1897
X
X
X
X
X
X
X
X
X X
X
X
X
X
T a b l e  1 ( c o n t i n u e d )
R e l a t i o n s h i p s (1 ) — >
A u t h o r ( s 3) Y e a r
P
S
P
H
P
Pi
S
Pi
S
C
H
R
H
Ps
H
N
H
C d
PS
H
T E
Ph
T
M z
T
C d
TH
P
T C
I
T H
PS
PA
Ps
S A
P S
P H A
PS
P S H
PS
Cope(3 0)
Smith(31)
Windle and Parsons 
(” )
Windle and Parsons
(3 3 )
Broom(34)
Gregory(3 5)
Mitchell(3‘)
Sonntag{3 7)
Zittel(3 *)
Clark and
Sonntag(3 *)
Stromer(4 0)
Weber(41)
Frechkop(41)
1898
1899 
1899
1903
1909
1910 
1916
1922
1923 
1926
1926
1928
1936
X
X
X
X
X
T a b l e  1 ( c o n t i n u e d )
R e l a t i o n s h i p s ( *) — >
A u t h o r (s 3 ) Y e a r
P
S
P
H
P
Pi
S
Pi
S
C
H
R
H
PS
H
N
H
C d
PS
H
T E
P h
T
M z
T
C d
TH
P
T C
I
TH
PS
P A
PS
SA
P S
P H A
P S
P S H
P S
Wislocki and van der 
Westhuysen(4 3)
Simpson(4 4)
Weitz(4 3)
Whitworth(4 4)
Romer(4 7)
Thenius(4 *)
Kyou-Jouffroy(4’)
Coryndon and 
Savage(5 0)
Da Silveira(31)
McKenna(*2)
Patterson(3 3)
Hanks(3 4)
Shoshani et al.(3 3)
1940
1945
1953
1954 
1966 
1969 
1971 
1973
1973
1975
1975
1977
1977
X
X
X
X
X
X
X
X
T a b l e  1 ( c o n t i n u e d )
R e l a t i o n s h i p s { 2 ) -->
A u t h o r ( s 2 ) Y e a r
P
S
P
H
P
Pi
S
Pi
S
c
H
R
H
PS
H
N
H
C d
PS
H
T E
P h
T
M z
T
C d
TH
P
T C
I
TH
PS
P A
PS
S A
P S
P H A
P S
P S H
P S
Szalay(*‘)
Meyer(51)
Prager et al.(s *)
De Jong et al.(5’) 
Shoshani et al.(‘°) 
Tassy (‘1)
Dene et al. (‘1) 
Benvenistet *3) 
Fischer(*4)
Novacek and Wyss(‘5) 
Sarich(*‘)
Shoshani et al.(*7) 
Thewissen(*')
Domning et al.(‘ )
1977
1978
1980
1981 
1981 
1981 
1983 
1985 
1985 
1985 
1985 
1985
1985
1986
X
X
X
X
X
X
X
T a b l e  1 ( c o n t i n u e d )
Relationships( 1 ) — > 
Author(s3) Year
P
S
P
H
P
Pi
S
Pi
S
C
H
R
H
Ps
H
N
H
Cd
PS
H
TE
Ph
T
Mz
T
Cd
TH
P
TC
I
TH
PS
PA
PS
SA
Ps
PHA
Ps
PSH
Ps
Kleinschmidt 
et al. (7 0)
1986 X
Miyamoto and 
Goodman(71)
1986 X
Shoshani(7 2) 1986 X X X
Shoshani(7 3) This X
Shoshani(7 4) (7 s) st'y X X
Footnotes to Table 1.
1. The relationships as indicated (see key in Note No. 2) are not necessarily among all 
the taxa mentioned, and often other group(s) of mammals were also included (see 
specifics below). In addition, the proper names Proboscidea and Sirenia were coined by 
Illiger (1811) and Hyracoidea and Tubulidentata were coined by Huxley (1869) and Huxley 
(1872), respectively; therefore, references to any of the above taxa prior to the date 
they first appear in the literature does not necessarily refer to the taxon but to the 
specific species studied.
PS=Proboscidea-Sirenia;
PH=Proboscidea~Hyracoidea;
PPi=Proboscidea-Pinnipedia;
SPi=Sirenia-Pinnipedia;
SC=Sirenia-Cetacea;
HR=Hyracoidea-Rodent ia;
HPs=Hyracoidea-Perissodactyla;
HN=Hyracoidea-Notoungulata;
HCd=Hyracoidea-Condylarthra and/or Ungulata; 
PSH=Proboscidea-Sirenia-Hyracoidea;
TEPh=Tubulidentata-Edentata and/or Tubulidentata-Pholidota 
TMz=Tubulidentata-Mesozoic mammals; 
TCd=Tubulidentata-Condylarthra and/or Ungulata;
THP=Tubulidentata-Hyracoidea-Probosc idea; 
TCI=Tubulidentata-Chiroptera-Insectivora; 
THPS=Tubulidentata-Hyracoidea-Proboscidea-5irenia; 
PAPs=Probosc idea-Artiodactyla-Perissodactyla;
SAPs=Sirenia-Artiodactyla-Perissodactyla;
PHAPs=Proboscidea-Hyracoidea-Artiodactyla-Perissodactyla;
PSHPs=Proboscidea-Sirenia-Hyracoidea-Perissodactyla.
The order in which these relationships appear is not indicative of importance but, 
rather, they are listed by groups for convenient reference.
3. Although I have consulted the vast majority of the references listed in this table, 
because of my limitations in reading and understanding the foreign languages (Latin, 
French, and German), for most of the references prior to 1910, I have relied heavily on 
the descriptions provided by the excellent historical overview of Gregory (1910). The 
few references that I was unable to obtain are listed as "not seen" in the LITERATURE 
CITED, see for example, Blainville, 1834.
4. In addition to Elephas and Trichechus Linnaeus included Bradypus, Myrmecophaga, and 
Manis in his order "Bruta." He defined Bruta (latin brutus = heavy, unwieldy, stupid) 
as "Front teeth none either above or below. Gait more or less awkward."
5. Genera included are Elephas and Odobaenus. Inclusion was based on "Dentibus 
molaribus & caninis."
6. Division "Aquatilia" included: Manatus, Pusa, Phoca, Rosmarus, Lutra, Castor, 
Hydrochoerus, and Hippopotamus. Division "Terrestria", Ungulata Non-Ruminantia in­
cluded: Elephas, Rhinoceros, Tapirus, Sus, and Equus.
7. Blumenbach's Ordo X ("Belluae") included: Tapirt Elephas, Rhinoceros, and Hip­
popotamus , and Ordo XI ("Palmata") included: Castor, Lutra, Phoca, and Trichecus
(rosmarus, manatus). Blumenbach's 1802 classification includes "Trichechus. de Wal­
rus." (1802:173).
8. The rodents ("Rosores") included: Hystrix, Castor, Mus, Glis, Sciurus, Laqomys, 
Cavia, Procavia and Lepus, Procavia being the genus for the rock hyrax Procavia capen- 
sis. Elephas was grouped together with Sus, Hydrochoerus, Rhinoceros and Hippopotamus 
in "Belluae". And Trichechus, Manatus and Rosmarus were grouped together with Phoca in 
"Pinnipedia".
9. "Cloven-hoofed Quadrupeds" included: Ox, Sheep, Goat, Giraffe, Antelope, Deer,
Musk, Camel, Hog, Rhinoceros, Hippopotame, Tapiir, and Elephant. "Pinnated Quadrupeds" 
included: Walrus, Seal, and Manati.
10. "Mammiferes a sabots Pachydermes" included: Elephantus, Rhinoceros, Hippopotamus, 
Tapir, and Sus. "Mammiferes marines Amphibies" included: Phoca, Rosmarus, Manatus, 
anc* Trichecus (Duqonq).
11. Cuvier's rodents ("Rongeurs") included: Porc-epics, Lievres, Damans (hyraxes),
Cabiais, Castors, Ecureuils (including squirrels and aye-aye), and rats. His "Edentes" 
included: Fourmiliers (Myrmecophaga, Echidna, Manis), Orycterope (aardvark, Oryc-
teropus afer), Tatous, and Paresseux. And his "Amphibies" includes: Phoques and Mor­
ses (manatee).
12. "Rongeurs" included: Lepus, Pika. Hyrax, Cavia, Agouti, Castor. Ondatra, Arctomys,
Hamster, Mus, Arvicola, Myoxus, Talpoides, Dipus, Sciurus, Hystrix, and Coendu; the 
aardvark (Orycteropus) was grouped with Dasypus; and the manatee (Trichecus) with 
Phoca.
13. In this classification Cuvier removed the hyraxes from the "Rongeurs" and placed 
them in "Pachydermes" together with Elephas, Tapirus, Sus, Hippopotamus, and 
Rhinocerus; Orycteropus was grouped with Bradypus in the "Edentes"; Trichecus was 
grouped with Phoca in Amphibies; and Manatus with Delphinus, Physeter, Balaena, and 
Monodon in the Cetaces.
14. Sirenia (Manatus, Halicore, Rytina) was grouped with Cete (Balaena, Ceratodon, An- 
cylodon. Physeter, Delphinus and Uranodon) in the ordo "Natantia" (cf. Les Amphibies of 
Cuvier); Orycteropus was grouped with Myrmecophaqa, and Manis in the family "Vermilin- 
guia"; and the Hyrax, Elephas, Rhinoceros, Hippopotamus, Tapirus and Sus, each 
representing a family, were grouped in the ordo "Multungula".
15. Sirenia (les Lamantins) was grouped together with Ruminans, non-ruminans ou Brutes 
(Artiodactyls) and Solipedes and Pachydermes (Perissodactyla) in "Ongulograd".
16. Similar grouping to Cuvier (1800); see Note 13.
17. Similar classification to that of 1779 (Note 7) but with different names for some 
categories. The Ornithorhynchus is included together with Wallross and Manate in 
"Bruta".
18. For the first time we see that Proboscidei and Sirenei are grouped together in 
"Graviqrades". The hyrax is grouped with "Onquloqrades, Pachydermes"; and Orycteropus 
is grouped with modern Edentata and Pholidota ("Brutes") and "Cetaces" under "Edentes".
19. "Cete" includes modern sirenians and modern cetaceans.
20. Gaudry (1862) studied Leptodon qraecus, now considered a hyracoid (Simpson, 1945), 
and described it as "Rhinoceride du groupe des Palaeotherium", now considered Peris- 
sodactyla (Simpson, 1945).
21. Owen's Perissodactyla (a term he coined in 1848) includes perissodactyl forms as 
well as non-perissodactyls such as Coryphodon (Pantodonta), Macrauchenia (Litopterna), 
Hyrax (Hyracoidea), and Toxodon (Toxodonta, Notoungulata).
22. For the first time we see that Proboscidea, Sirenia and Hyracoidea are grouped 
together but the group is not named. In 1872 Gill followed the same arrangement. Note 
however that in 1873 Gill had changed his classification and separated the Sirenia from 
Proboscidea and grouped it with Cetacea.
23. Using the structures of the uterus and placenta as guidelines, Huxley grouped the 
Hyracoidea with Proboscidea and Carnivora, and Sirenia with Ungulata, Toxodontia, and 
Cetacea. See Note No. 41.
24. See Note No. 22.
25. Doran (1876:432) stated that "The ossicula (malleus, incus, and stapes) of the 
Hyraces recalls rather those of the Equidae than their representatives in any Ar- 
tiodactyle or Rodent." And on the Proboscidea Doran wrote "The wide, shallow articular 
surface (of the malleus) is seen among the larger Ruminants; but the breath and short­
ness of the manubrium distinguish it from that of any Ungulate." Differences between 
the mallei and incudes of "Elephas indicus" and "Elephas africanus" are given on page 
431. On the Sirenia Doran concluded that "Not only do they differ clearly from the 
Cetacea ossicula, but their modified general structure may be said to mask or 
obliterate any homologies to the ossicula in other mammals...". "In Orycteropus the 
malleus, quite unlike any Ant-eater..." "The stapes (of Orycteropus) is of as high a 
type as in Dasypus." (Doran, 1876:477).
26. Tubulidentata is grouped with modern edentates and pholidotes in the order Eden­
tata; Proboscidea, Hyracoidea, Perissodactyla and Artiodactyla, each as a separate 
suborder, are grouped in the order Ungulata. Sirenians are placed in an order by
themselves (Sirenia).
27. Although Parker's (1885a) embryological study compared the skulls of Orycteropus to
other "edentates" (Dasypodidae, Myrmecophagidae, and Manidae) he made it clear that the
aardvark is distinctly different from the rest of the species he studied.
28. The "Subungulata" of Flower and Lydekker (1891) included Proboscidea, Hyracoidea, 
Pantodonta*, Dinocerata*, Condylarthra*, Notoungulata*, and ?Tillodontia*, and 
?Taeniodonta*.
*=extinct.
Note: The term "Subungulata" is not a valid name for this group as it was first
used by Illiger (1811) to designate a group of caviomorph rodents. Moreover, ac­
cording to Simpson (1945:240), this term was not obscure but was "...adopted by
C.L. Bonaparte in his important classification in 1831, by J.A. Wagner in 1841, 
etc."
29. Ameghino (1897) and Stromer (1926) were the only authors to ascribe strong af­
finities of Hyracoidea with Notoungulata. Taxa studied by Ameghino included Hyracidae, 
Archaeohyracidae, Eutrachytheridae and Typotheria, all except Hyracidae are taxa within 
the order Notoungulata (see Simpson, 1945).
30. Order Taxeopoda of Cope embraces Hyracoidea with Condylarthra*, along with Litop- 
terna*, and Primates (*=extinct).
31. Studying brain structures. Smith stated that "If the brain of Orycteropus were
given to an anatomist acquainted with all the other variations of the mammalian type of 
brain, there is probably one feature which would lead him to hesitate in describing it 
as an exceedingly simple Ungulate brain. That one feature is the high degree of 
macrosmatism." [Macrosmatism = a condition in which the olfactory region of the brain 
is well developed.] Smith noted that "...the degree of macrosmatism varies with the 
change of habit of the animal." "We may therefore associate the high degree of macro­
smatism of Orycteropus with its peculiar mode of life, and regard it as a functional 
modification of little taxonomic value." "The characters of the brain of the Aard-Vark 
which lead us to associate it with the Ungulate type are the horizontal direction of 
the whole rhinal fissure (i.e. the absence of a downgrowth of the pallium) and the 
horizontal arrangement of the representative of the suprasylvian sulcus." (Smith, 
1899:387).
32. Although Windle and Parsons (1899) included the Orycteropodidae along with Manidae, 
Dasypodidae, Myrmecophagidae, and Bradypodidae in the Order Edentata, they considered 
the aardvark to have exceedingly simple ungulate muscles. In their conclusion, 
however, they stated that "The Orycteropodidae, too, present some feeble claim to be 
taken into the order (Edentata), for, generalized though they are, their muscular 
peculiarities seem to point, so far as we at present know, more towards the Edentata
than to any other group of mammals." (1899:1017).
33. Comparing the musculature of some ungulate species Windle and Parsons (1903) con­
cluded that Hyracoidea and Proboscidea share certain myological peculiarities (see also 
Windle and Parsons, 1901).
34. Broom (1909b) investigated the Jacobson's organ and compared that of Orycteropus to 
many other mammals and concluded that the structure of this organ in the aardvark 
renders it very primitive.
35. The work of Gregory (1910) is the most comprehensive study on mammalian 
phylogenetic relationships encountered in the literature. Gregory's (1910) 
phylogenetic trees depict Proboscidea and Sirenia closer to each other than either of 
them is to Hyracoidea. Tubulidentata is shown to have evolved from yet "undiscovered 
placentals". Similar opinions with regards to Tubulidentata relationship(s) were ex­
pressed by Romer (1966) and Szalay (1977). See Figure 3 in this dissertation.
36. Upon examining the intestinal tract of many representatives of the Mammalia, 
Mitchell remarked: "The Hyracoidea, Sirenia, and Proboscidea have not moved far from
the common type, and I realize that their association may depend very largely on their
retention of primitive characters." (Mitchell, 1916:247). [See also Mitchell, 1905.]
37. "The characters of the tongue have several points in common in the Artiodactyla and
Perissodactyla, but those of the Hyracoidea and Proboscidea are such as to separate 
them into groups by themselves. Of these the Hyracoidea have some resemblance to the 
Sirenia". (Sonntag, 1922:655).
38. The "Subungulata" of Zittel (1923) included Embrithopoda*, Hyracoidea, Proboscidea 
(with Barytheria*), and Sirenia.
*=extinct; see Note No. 28 about the "Subungulata".
39. After Gregory (1910) this study is probably the most detailed on the relationships 
of Tubulidentata. It is, in essence, a cladistic approach, though not called so by 
name. Clark and Sonntag concluded that "Having arisen from Condylarthra, the 
Tubulidentata evolved along Ungulate lines in general and along the line of Hyracoidea 
and Proboscidea in particular." (Clark and Sonntag, 1926:484).
40. In contrast to the previous note, Stromer (1926:126) concluded that: "Im 
Kopfskelett scheinen die Typotheria (suborder of the Notoungulata) kaum weniger 
verschieden als die Hyracoidea."
41. Similar to Zittel's (1923) classification, see Note No. 38.
42. Though Frechkop examined a number of skeletal characters, his classification is 
based on the phalangeal structure and thus under "Ungulata - I. Mesaxonia" he included 
Equidae, Rhinocerotidae, Procaviidae, Tapiridae, Elephantidae, Manatidae, and
Halicoridae (Frechkop, 1936:26-27).
43. Using placental characters, Wislocki and van der Westhuysen (1940) concluded that 
Hyracoidea is most closely related to Proboscidea and Sirenia. However, Assheton 
(1905), who also used placental characters, reached a different conclusion; that is, 
according to Assheton 1905:394, Proboscidea, Sirenia and Carnivora have similar 
placentae, whereas the placenta of an hyrax is a type found in certain Insectivora. 
[See also papers by Wislocki, 1940 and Perry, 1974.]
44. Simpson (1945) coined the term Paenungulata, a superordinal rank to include the 
living paenungulates [Proboscidea, Hyracoidea, and Sirenia (including Desmostylifor­
mes*), extinct (=*)] and Pantodonta*, Dinocerata*, Pyrotheria5'-, and Embrythopoda*. 
The Tubulidentata was included in the superorder Protungulata along with Condylarthra*, 
Litopterna*, Notoungulata*, and Astrapotheria*.
Note: the Paenungulata as Simpson defined it is "...a development of the De
Blainville's 1gravigrades', of Gill's unnamed superordinal group, of concepts be­
hind Cope's 'Taxeopoda' (see Footnote No. 1 in Simpson, 1945:240) and of Flower 
and Lydekker's 'Subungulata', especially as emended by Schlosser." (see also Notes 
No. 18, 22, 28, 30, and 36).
45. Using serological tests Weitz (1953) studied only the Asian elephant, Elephas 
maximus, and the rock hyrax, Procavia capensis [scientific names are mine as they are 
incorrect in the article, see Shoshani and Eisenberg (1982) and Olds and Shoshani
(1982)], and thus the network of comparison was incomplete. Heap et al. (1975) also 
discussed the similarities and differences (regarding the pregnancies and hormones) 
between the hyrax and elephant. Pertinent physiological and hematological studies on 
hyraxes are those of Meltzer (1973, 1976), Bartholomew and Rainey (1971), and Wallach 
et al. (1977).
46. Comparing the dentition and the phalangeal structures of Miocene hyracoids from 
East Africa, Whitworth (1954) concluded that they resemble that of Perissodactyla the 
most, "It has been demonstrated, in a preceding section, that numerous similarities 
exist between Hyracoidea and Perissodactyla." (1954:53).
47. Romer's conclusion for the grouping of Proboscidea, Sirenia and Hyracoidea (see 
Fig. 4) is based on evidence of other workers (see references in Romer, 1966:415).
48. Like Romer (1966), Thenius (1969) based most of his evidence on studies of other 
workers.
49. Kyou-Jouffroy's (1971a:287) summary is quoted herewith in its entirety: "The 
Hyracoidea are the only ungulate Order that exhibit foot tridactylism while they remain 
plantigrades. The comparison (sic) with Perissodactyla points out that the skeleton 
and the muscles of Dendrohyrax dorsalis hind limb appear much more similar to the 
general mammalian, primitive pattern. However, two facts must be noted as common to
both Perissodactyla and Hyracoidea: 1°) the absence or the tibialis posterior (coales** 
cent with the flexor fibularis); 2°) the existence, beside the typical ischial origin 
of the semimembranosus, of a second caudal one, generally considered as specific of the 
Perrissodactyla (sic)."
50. Coryndon and Savage (1973:123) stated: "The Proboscidea appear to share with the 
Sirenia ancestry from a condylarth stock that invaded Africa." The Hyracoidea appear 
in the Oligocene (along with other taxa) and "...evolved from endemic Eocene ancestor." 
Eocene African mammals according to Maglio (1978), Sudre (1979), and Savage and Russell
(1983) include: Carnivora (Apterodon), Proboscidea (Palaeomastodon), Moeritherioidea 
(Moeritherium), Barytherioidea (Barytherium), Sirenia (Protosiren and Eotheroides), 
Hyracoidea (several species), Primates (Azibius trerki), and Cetacea (six genera). 
Therefore, the inclusion of Hyracoidea together with Proboscidea and Sirenia is a pos­
sible relationship based on endemism in Africa.
51. In Diagrams I, Da Silveira (1973) depicted the Subungulates to include Sirenia, 
Desmostylia, Proboscidea, Embrithopoda, and Hyracoidea. The Hyracoidea lineage is 
connected to the rest of the subtree by a dashed line. Da Silveira (letter of 12th 
March, 1984) believes ("following Gregory 1951") "...that the Hyracoidea are more near 
related with the Perissodactyla than the Paenungulata...". He concludes "For short, I
think in my paper, that the condylarth - Periptychidae are the direct ancestor of both 
the Amblypoda and Subungulates, plus the termite-eater Tubulidentata; anatomical and 
paleontological evidence may support these theories."
52. Using mostly dental characters and employing a purely cladistic approach, McKenna's 
(1975) classification embraces Proboscidea (including Moeritherioidea, Barytherioidea, 
Deinotherioidea, and Elephantoidea) and Sirenia together with Desmostylia* in the 
mirorder Tethytheria, and Hyracoidea with Perissodactyla and Condylarthra* in the 
mirorder Phenacodonta (*=extinct).
53. Patterson (1975) synthesized all the existing knowledge on the relationships of 
Tubulidentata to other mammalian taxa and concluded that the Condylarthra-Tubulidentata 
affinity is the most plausible.
54. Comparing the reproductive organs of male African elephants (Loxodonta africana)
and male rock hyrax (Procavia capensis), Hanks (1977) reasoned that the similarities in
these characters implied phylogenetic relationships.
Note: His conclusion that the intra-abdominal position of the testes in the
elephant and hyrax is a shared-derived character between them is incorrect, since 
this is a primitive feature for the Eutheria.
55. Shoshani et al. (1977) were the first to report the close immunological affinity 
(antigenic similarity) of Tubulidentata to extant Paenungulata (Proboscidea,
Hyracoidea, and Sirenia; see Fig. 9). See also Shoshani et al. (1901) and Shoshani 
(1986).
56. Szalay's (1977) treatment of mammalian phylogeny in general is well presented but 
he gives no specifics for certain grouping, as for example in the superorder Mesaxonia, 
which includes Perissodactyla, Dinocerata*, Embrithopoda*, Hyracoidea, Proboscidea, 
Sirenia, Desmostylia*, and Meridiungulata* (*=extinct).
57. Meyer's (1978:312) statement, "The bulk of the evidence suggests that the closest 
relative of the Hyracoidea are to be found in the other subungulate orders of mammals 
indigenous to Africa; the Proboscidea, Embrithopoda, and Sirenia.", appears to be based 
on studies of other workers.
58. Immunological results of Prager et al. (1980) suggested that Trichechus manatus 
(Sirenia) was the closest living relative to the Proboscidea, more than members of 
Perissodactyla, Artiodactyla, Carnivora, Primates, and Rodentia. It is of interest 
that Loughman et al. (1970), based on comparison of the karyotype of one manatee 
specimen to that of elephants, concluded that the relationships between the elephant 
and manatee is "...rather distant." Hematological values for the Florida manatee were 
given by White et al. (1976).
59. Using amino acid sequencing of alpha-crystallin A and analyzing the data with
Maximum Parsimony, these authors hypothesized that Tubulidentata is the closest living 
relative of Proboscidea, Sirenia and Hyracoidea.
60. These results are based on one protein (albumin) and the immunodiffusion data were 
analyzed by a computer program (IMDFN, see text) to produce dendrograms. Tubulidentata 
is depicted to be the closest living relative of Proboscidea, Sirenia and Hyracoidea.
61. Figures 12 and 13 (pages 117 and 118 in Tassy, 1981) depict Proboscidea and Sirenia 
closer to each other than either is to Desmostylia. Sirenia and Desmostylia may join 
and the resultant branch then unites with Proboscidea as shown in Fig 12 (see Note 69).
62. Analysis of amino acid sequence data of myoglobin showed that Tubulidentata joins 
the bat-hedgehog branch. Nonetheless, when data from amino acid sequence of alpha- 
crystallin A are incorporated, Tubulidentata joins the elephant branch.
63. Based on unpublished results of Benveniste (1985) using hybridization between total 
unique cellular DNA, it was concluded that hyrax DNA reacted most like that of Probos­
cidea and not Perissodactyla. Reciprocal results were also obtained using horse 
(Perissodactyla) DNA.
64. Fischer (1985), based on examination of non-dental characters of hard and soft 
anatomy concluded: "Hyracoidea should be included in the Perissodactyla Owen 1848 
again". It appears that his argument (based on the evidence he presented at the meet­
ing and showed me in person) is valid and some o£ the characters are very convincing. 
However, a thorough investigation of the distribution of these characters within mam­
malian taxa is imperative before final conclusions are drawn (see Note 65 below). [See 
also Fischer, 1983.]
65. Novacek and Wyss' (1985) morphological results are congruent with the PAEN 
hypothesis of Simpson (1945) for the extant orders, i.e., Proboscidea, Sirenia, and 
Hyracoidea grouped together. These authors (pers. comm.) also critically examined the 
characters of Fischer (1985, see Note 64 above), who claimed that Hyracoidea should be 
included in the Perissodactyla, and concluded that there is no basis for this claim.
66. Sarich (1985) noted on the (eutherian) interordinal associations that "...are 
reasonably secure in terms of our data." 1. Primates, Dermoptera, Tupaiidae (PDT);
2. PDT, Chiroptera, Rodentia, Carnivora, and probably Talpidae and Soricidae;
3. Proboscidea, Hyracoidea, Sirenia, Tubulidentata; 4. Artiodactyla, Cetacea (AC);
5. AC, Perissodactyla. The data for the association of Tubulidentata with Proboscidea, 
Hyracoidea, and Sirenia come from Rainey et al. (1984).
67. Using the available amino acid sequences of alpha and beta hemoglobin, and employ­
ing the same Maximum Parsimony approach, Shoshani et al. (1985a) concluded that 
Proboscidea and Hyracoidea are very closely related, more than other mammalian orders
tested. Sequences of Sirenia and Tubulidentata were not available (see Note 70).
68. Thewissen (1985:280) stated: "A number of (morphological) features seem to indicate 
that the Tubulidentata did not originate from Condylarthra or other Ungulata, contrary 
to the opinion commonly held. The alleged pholidote Leptomanis is probably the oldest 
known tubulidentate (Eo-Oligocene of France)." Thus, hypotheses that prevailed at the 
end of the 18th Century and into the 19th Century, were challenged by many workers (see 
Simpson, 1945, Note 44; and Patterson, 1975, Note 53) and are now resurfacing.
69. Domning et al. (1986) grouped Proboscidea with Desmostylia and the resultant branch 
then joined with Sirenia. These hypotheses can be reconciled with the author's data
since it costs only three EC to group Desmostylia with Proboscidea instead of Sirenia
with Proboscidea (see also Table 33).
70. Based on recent determination of amino acid sequencing of alpha and beta 
hemoglobins of Trichechus inunquis and comparisons to sequences of other mammals, 
Kleinschmidt et al. (1986) inferred that elephants, hyraxes, and sea cows are closely
related among living mammals (see following note).
71. Miyamoto and Goodman (1986) results are based on Maximum Parsimony analyses of 
amino acid sequences of seven proteins, including those of alpha-crystallins and alpha 
and beta hemoglobins. Thus, their topology with regard to the relationships of
Proboscidea, Sirenia, Hyracoidea, and Tubulidentata would be influenced by the sequen­
ces of these two proteins. This study was, therefore, not included in the summary note 
(No. 75).
72. The paper by Shoshani (1986) is a condensed version of the molecular and os- 
teological results on eutherian relationships presented in this dissertation.
73. The immunological results of this study (=st'y) are similar but more comprehensive 
than the results of Shoshani et al. (1981); the latter results were based solely on 
albumin.
74. The morphological results of this study (=st'y) include skull foramina and other 
non-dental osteological characters.
75. SUMMARY:
A. Of the 72 references cited, only 11 studies employed the immunological/ 
molecular approach (Weitz, 1953; Prager et al., 1980; de Jong et al., 1981; Shoshani et 
al., 1977 and 1981; Dene et al., 1983; Sarich, 1985; Shoshani et al., 1985a; 
Kleinschmidt et al., 1986; Benveniste, 1985; and Shoshani, 1986); the rest employed 
morphological characters, including osteology and soft anatomy. [Note that the paper 
by Miyamoto and Goodman (1986) is not included in this count because they incorporated 
the results of de Jong, Dene et al., Shoshani et al., and Kleinschmidt et al.]
B. Of the 72 references cited [and which included most or all the paenungulate and 
ungulate taxa (Proboscidea, Sirenia, Hyracoidea, Tubulidentata, Perissodactyla, and 
Artiodactyla)], the following concluded and/or implied these relationships:
(1), 9 studies: Hyracoidea-Perissodactyla (HPs),
(2). 1 study : Proboscidea-Sirenia-Hyracoidea-Perissodactyla (PSHPs),
(3). 17 studies: Proboscidea-Sirenia-Hyracoidea (PSH),
(4). 1 study : Tubulidentata-Hyracoidea-Proboscidea (THP),
(5), 6 studies: Tubulidentata-Hyracoidea-Proboscidea-Sirenia (THPS).
Note that the conclusions based on morphological studies involve categories (1), 
(2), (3), and (4) above, and those based on molecular studies involve categories (3), 
and (5) above; that is, based on the present bodies of data, only the molecular studies 
support the THPS relationships, and the PSH relationships are based on morphological 
evidence (10 studies) and the 6 studies included under THPS category.
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C. OBJECTIVES
The purview of this study was originally limited to 
testing hypotheses on the relationships among the Paenun­
gulata (Proboscidea, Sirenia and Hyracoidea; Figs. 5 - 8 )  
and its relationships to other mammalian taxa, especially to 
the Tubulidentata. Nonetheless, because of the pos­
sibilities that Tubulidentata may be related to ancient 
mammalian orders (see Fig. 9 and Table 1, and Patterson, 
1975) and in light of the fact that most mammalian taxa 
seemed to first appear in a limited stratigraphical interval 
(see Novacek, 1982), it became imperative to broaden the 
perspective of this study and to include as many mammalian 
orders and families as possible. Thus, a major objective of 
this study has been to resolve the "bushy" pattern at the 
root of Eutheria.
Methods for testing the inter- and intra-ordinal 
phylogenetic relationships included molecular (immunology 
and amino acid sequences) and osteological investigations. 
These studies enabled the author to view problems of mam­
malian systematics in a broad perspective, an opportunity 
afforded by employing both methods of investigation. This 
dissertation summarizes these findings and compares them to 
those of other investigators.
II. LITERATURE REVIEW
A. GENERAL
Background information on mammalian evolution, largely
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from the morphological standpoint, was provided by Darwin
[(1859); see also Bethell (1985)], Gregory (1910, 1951), 
Simpson (1944, 1945, 1949, 1961, 1965), Romer (1966), Van 
Valen (1978a), Stanley (1979), Young (1981), and Colbert 
(1982). The molecular aspects of evolution were discussed 
by Allison (1956), Calvin (1956), Anfinsen (1959), 
Dobzhansky (1963), Perutz (1964, 1978), Perutz and Lehmann 
(1968), Bunn et al. (1977), Patrusky (1979), and Joysey
(1981). Sarich and Wilson (1967) and Cronin and Sarich
(1980) dealt with rate of evolution in molecular data, in­
cluding the concept of molecular clocks; this latter topic 
was questioned and scrutinized by Radinsky (1978) and Lewin 
(1985). Some of the workers cited above, especially those 
under morphology, have incorporated short discussions on 
extinction; this subject, however, was heavily covered by 
many recent investigators (e.g., Martin, 1967; Kurten, 1969; 
Van Valen and Sloan, 1977; McKenna, 1980; Marshall et al., 
1982; Alvarez et al., 1984; Fisher, 1984; Martin and Klein,
1984; Smit and Van Der Kaars, 1984; Van Valen, 1984;
Jablonski, 1986; and Raup, 1986). As was mentioned briefly 
in the INTRODUCTION and will be discussed later in this 
dissertation, the so called "bushlike radiation" of 
eutherian mammals (e.g., Novacek, 1982) at the end of the 
Mesozoic era is believed to be associated with mass extinc­
tion (s) that supposedly occurred at the Cretaceous period 
(see arguments in the literature cited above; see also Ap­
pendix R for a simplified Geological Time-scale).
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Classification and taxonomy of mammalian taxa occupy 
voluminous but scattered literature dating from Aristotle to 
the present. As more fossil evidence is accumulated and as 
more and more detailed morphological and molecular studies 
are being conducted, taxonomists and systematists have been 
altering their views on the hierarchical grouping of the 
Mammalia and have gradually developed phylogenetic trees 
and, very recently, cladograms.
A review of the literature cited in Table 1 reveals 
that many early workers during the 18th and 19th centuries 
based most of their conclusions on external morphological 
characters. This is particularly evident in the conclusions 
of those workers who placed Sirenia together with Pinnipedia 
or with Cetacea [see Fig. 7 and "X's" in columns 6 (=SPi) 
and 7 (=SC)] and Tubulidentata with Edentata and/or
Pholidota [see Fig. 9 and "X's" in column 13 {=TEPh)]. In 
these studies it appears that analogy rather than homology 
played an important role in establishing mammalian 
relationships. Standing out among these early studies are 
those of Blainville (1816, 1834), and Gill (1870), espe­
cially the former. In Blainville's (1816, 1834) clas­
sification, osteological characters were given high values: 
"...one of the most important features of Blainville's 
classification is that it represents an effort to get below 
the adaptive superficies and to seek out relatively non- 
adaptive or slowly adaptive characters, a conception which 
even at the present time has not been grasped by all sys-
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tematists." (Gregory, 1910:77). Blainville's (1834) clas­
sification "...is on the whole, far superior to any hitherto 
met with" (Gregory, 1910:82). Gill (1870) adopted Blain- 
ville’s (1834) tripartite division of the Mammalia [les Or- 
nithodelphes (Monotremes), les Didelphes (Marsupials), and 
les Monodelphes (Placentals)], and in 1872 he adopted 
Bonaparte's (1837) bipartite division of the placental mam­
mals ["Educabilia" (=mammals with "bi- or tri-lobed 
cerebrum") and "Ineducabilia" (=mammals with "single lobed 
cerebrum")].
Gregory's (1910) The Orders of Mammals stands out among 
the 20th century studies before and after his time; it 
remains the most comprehensive monograph on mammalian sys- 
tematics. Part I of this work provides an overview on the 
history of the ordinal classification of mammals, whereas 
Part II "Genetic relations of the mammalian orders" is an 
excellent treatment of the subject (see details below). 
Simpson's (1945) standard reference for mammalian clas­
sification and systematics is a summary and update of 
Gregory's work. Other discussions and summaries on mam­
malian classification can be found in Butler (1972), McKenna 
(1969, 1975), Szalay (1977) and Novacek (1982).
The following sections review: 1) literature concerned 
with morphological aspects and 2) literature concerned with 
immunochemical/molecular aspects. Important contributions 
were divided into general overviews, followed by subsections 
on specific investigations.
Figure 5. Inter- and intra-ordinal hypotheses tested in this study. Left, the Paenun- 
gulata's position within Butheria (after Colbert, 1982:276). Right, the Elephantidae's 
position within Proboscidea (after Osborn, 1934:178; see also Fig. 53 in Vol. II).
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B. LITERATURE CONCERNED WITH MORPHOLOGICAL ASPECTS
B.l. MAMMALIA: AN OVERVIEW
The Orders of Mamma1s, a monumental compendium by 
Gregory (1910), derived mostly from the author's expertise 
in comparative anatomy and paleontology. His phylogenetic 
hypothesis emphasized characters of the skull, dentition and 
foot structure. Gregory divided the Eutheria into seven 
superordinal groupings (see Appendix A) and depicted them 
(Fig. 3 in this study) as derivatives of as yet "undis­
covered placentals". His superorders Rodentia (including 
lagomorphs) and Edentata (including ?Taeniodonta, 
?Tubulidentata, ?Pholidota, and Xenarthra) are shown to be 
separately derived from an undiscovered ancestral stock. 
(Note: the "?"s are Gregory's symbols to indicate uncertain
origins.)
The living Paenungulata of Simpson (1945), namely the 
Proboscidea, Sirenia, and Hyracoidea, are classified by 
Gregory (1910) in the superorder Ungulata together with six 
extinct orders (Protungulata, Amblypoda, Barytheria, 
Embrithopoda, Notoungulata, and Mesaxonia). In his 
phylogenetic trees (see for example Fig. 3) Gregory depicted 
Proboscidea, Sirenia, and Hyracoidea as a monophyletic 
group, and further delineated Sirenia and Proboscidea as 
closer to each other than either of them is to Hyracoidea. 
These phylogenetic conclusions appear to rely on evidence of 
other workers (e.g., Andrews 1906; see also Gregory's
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Bibliography for specifics).
A prelude to Simpson's (1945) classic monograph was his 
(1931) contribution, "A new classification of Mammals." In 
this short paper Simpson compared his classification to that 
of Gill (1872) and noted that his classification contained 
104 new families that had been recognized during the fifty- 
nine intervening years (Simpson's total number of families 
was 242; Gill's, 138). Of these 104 new families 96 are 
extinct and only 8 are extant, indicating the important role 
of paleontological discoveries. In Simpson's 1931 paper 
there are no major subdivisions (cohorts) within the in­
fraclass Eutheria; only orders are listed, 24 in total, of 
which 14 are living. The living paenungulates (Proboscidea, 
Hyracoidea, and Sirenia) are listed in close proximity to 
ungulate mammals, and Tubulidentata is placed between Con- 
dylarthra and Amblypoda.
Simpson's (1945) The principles of classification and a 
classification of mamma1s is undoubtedly the most cited 
reference in mammalian taxonomic studies. This memoir is an 
update of Gregory's (1910) and Matthew’s (1909, 1937) works, 
augmented with the author's own investigations on Mesozoic 
and Cenozoic mammals. Data for the inference of his 
phylogenetic conclusions are drawn from almost all dis­
ciplines of comparative anatomy and physiology, genetics, 
serology, and zoogeography. By far the most heavily relied 
upon data sets are those of morphology and paleontology. He 
divided the infraclass Eutheria into four cohorts; Un-
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guiculata, Glires, Mutica, and Ferungulata. The latter 
embraces five superorders, two of which (Protungulata and 
Paenungulata) are of direct interest to the present study. 
Protungulata embraces the Tubulidentata plus four extinct 
orders including the Condylarthra. "Paenungulata" is a term 
first used by Simpson (1945) and its etymology translates 
"near the ungulates". The familiar term "Subungulata" was 
not available since it had previously been employed in for­
mal taxonomy by Illiger (1811) to designate a group of 
caviomorph rodents. Simpson classified the three living 
"near ungulate" orders Proboscidea, Hyracoidea and Sirenia 
in the Paenungulata, together with the extinct Pantodonta, 
Dinocerata, Pyrotheria, and Embrithopoda (see Appendix B).
Simpson (pers. comm., 2 April 1979, see Appendix C) has 
provided some observations which reopen old questions: "I am 
convinced that the Paenungulata are not monophyletic as 
Hennig defines that term." and "...I also do not now think 
that the Paenungulata are an acceptable taxon in clas­
sification." Later in this dissertation, I shall discuss 
these and other statements made by Simpson.
During the 1960s, a trend towards a cladistic approach 
developed. This trend is on the increase among certain 
schools of systematists, whose main proponent was Willi 
Hennig (1965, 1981). Hennigians believe that only
synapomorphic (shared-derived) characters should be used to 
derive cladograms. These cladograms are used to form clas­
sification schemes (e.g. Hennig, 1965; McKenna 1975; Mar­
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shall, 1977). Many earlier taxonomists (e.g. Gregory, 1910; 
Simpson, 1945; Clark and Sonntag, 1926) had probably 
reasoned in the same way as Hennig did, but they did not 
develop classification schemes based on particular 
phylograms. I concur with McKenna (1975:22) that "...a 
cladistic classification has the highest genealogical in­
formation content...", but I have not accepted the idea that 
a classification should be based on a particular cladogram.
Consequently, two schools of thought have developed - 
cladist and non-cladist. The former has one of its centers 
at the American Museum of Natural History, New York. Van 
Valen (1978c), who argued against the purely cladistic ap­
proach, advocates a synthetic classification (combining 
cladistic and non-cladistic methods) aimed to reflect, as 
much as possible, the adaptive history of the group being 
classified. Useful reviews on cladistic principles are 
given by Kavanaugh (1972), Schaeffer et al. (1972), Ashlock 
(1974), McKenna (1975), Wiley (1976), Marshall (1977), and 
Hood and Smith (1982).
McKenna’s (1975) brief chapter on mammalian clas­
sification is probably one of the most controversial in 
recent years. Nevertheless, it proved stimulating to mam­
malian taxonomists and systematists who saw in McKenna's 
cladistic classification a new perspective on the 
relationships of mammals at higher categories. Novacek
(1982) provided a valuable review of McKenna's paper. Lil- 
legraven (1983) criticized Eisenberg (1981) for adopting
49
McKenna's classification: "It is unlikely that McKenna's
terminology will gain wide acceptance as originally 
presented..." Lillegraven (1983:189). The originality in 
the nomenclature of McKenna's (1975) classification seems to 
distract many critics who overlook an important aspect of 
his work, namely, the comparison of phylogenetic hypothesis 
and alternatives (Novacek, 1982).
McKenna's (1975) classification places Proboscidea and 
Sirenia, including Desmostylia, in a new mirorder 
Tethytheria (a name derived from the fact that members of 
this taxon inhabited the shores of the ancient Tethys Sea). 
Within the Proboscidea he includes four suborders, three 
extinct (Moeritherioidea, Barytherioidea and
Deinotherioidea) and one extant (Elephantoidea). The 
Hyracoidea is included in the mirorder Phenacodonta together 
with Condylarthra (extinct, emended) and Perissodactyla. 
Tubulidentata is grouped with five other orders, four ex­
tinct (Arctocyonia, Tillodontia, Dinocerata, and 
Embrithopoda) and one extant (Artiodactyla) in the mirorder 
Eparctocyona. Appendix D incorporates the most recent views 
of McKenna’s classification (pers. comm.). This clas­
sification, which differs considerably from that of Simpson 
(1945) is based mostly on dental evidence (McKenna and 
Manning, 1977; Domning et al., 1986; and McKenna, pers. 
comm., 1986). The classification of Recent mammals after 
Honacki et al. (1982; Appendix E) appears to be based mostly 
on McKenna's (1975) classification; it is included in this
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dissertation for comparisons and discussion.
An important contribution to mammalian classification 
and taxonomy is that of Szalay (1977) whose study is based 
mostly on morphological characters of the eutherian tarsus. 
Szalay (1977:317) states that "...teeth of closely related 
lineages are notoriously prone to parallelism and conver­
gence." [McKenna (pers. comm.) stated that "While this is 
true, it is nevertheless important to prove it in each 
case."] Szalay also notes that studies of fossil mammals 
often ignore postcranial evidence because bones are thought 
to be more "plastic functionally", i.e., ontogenetically, 
than teeth. In other words, many paleontologists believe 
that non-dental characters undergo considerable changes in 
ontogeny making these characters unsuitable for detailed 
analysis. This notion is widespread among paleontologists 
and Szalay (1977) cites Gingerich (1976) as as example. 
Szalay strongly disagrees and argues against Gingerich and 
others who claim that teeth are phylogenetically less 
responsive to functional pressure than bone. Should it be 
true, Szalay argues, that bone changes have been "...as on­
togenetically plastic as the assumption purports them to be, 
then intraspecific variation should be much greater in 
postcranial than in dental parameters. This, of course, is 
simply not true..." (Szalay, 1977:320). The greater 
preponderance of teeth in the fossil record has necessitated 
and perhaps justified past over-reliance on dental charac­
ters but is no longer necessary. McDowell (1958) also ar­
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gued that heavy dependence on dentition in phylogenetic 
studies leads to many erroneous systematic conclusions.
In this connection, a quote from Scott (1892:440) is 
most appropriate:
"Nothing could be more eloquent of the danger of con­
structing phylogenies from the teeth alone. Often, it 
is true, they would turn out to be right, but not in­
frequently they would lead to the grossest error.”
Szalay's (1977) arrangement of higher categories within 
the Eutheria is clearly non-cladistic. He embraced 
Hyracoidea, Proboscidea and Sirenia in the superorder 
Mesaxonia together with Perissodactyla, Dinocerata (ex­
tinct), Embrithopoda (extinct), Desmostylia (extinct), and 
Meridiungulata (extinct), but fails to provide rationale for 
this ordinal grouping within the superorder Mesaxonia. The 
Tubulidentata is relegated as incertae sedis in the cohort 
Ungulata.
Novacek's (1982) eutherian tree still retain the 
"bushy" element at the root of Eutheria (as do the 
relationships of McKenna, 1975 and Szalay, 1977). An im­
provement in the relationships of higher categories within 
Eutheria is found in Novacek's (1982) paper where he 
provides a list of synapomorphic characters in support of 
the relationships depicted. The paenungulate orders 
Proboscidea, Sirenia and Hyracoidea are shown as a 
monophyletic group, while Tubulidentata appears to be 
closely related to Artiodactyla, Cetacea, and Perissodac- 
tyla. Novacek's chapter is a good review of eutherian
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phylogeny; it discusses aspects not raised by previous in­
vestigators .
B.2. SPECIFICS ON SKULL FORAMINA
Skull foramina were examined by early anatomists as 
early as a few hundred years ago (see Cole, 1975 for ex­
amples) and continue to be the subject of research at the 
present time (Wahlert, 1974, 1985). Among the studies that 
contribute substantially to our knowledge of skull foramina 
and cranial blood circulation are those of Turner (1848), 
Flower (1876), Cope (1880), Tandler (1901), Kampen (1905), 
Gregory (1910), Edinger (1933), Muller (1935), Greene 
(1935), Hill (1935), Story (1951), Miller (1952), Edinger 
and Kitts (1954), McDowell (1958), Fraser and Purves (1960), 
Hershkovitz (1962, 1977), Davis (1964), Guthrie (1969),
Bugge (1974, 1985), Wagner (1973), Wahlert (1974, 1985), and 
Novacek (1982, 1985a). Most of these studies are descrip­
tive, and only a few include phylogenetic inference based 
purely on skull foramina. The paper by Wahlert (1974) is 
very informative.
Ontogenetic and phylogenetic developments provide 
valuable data on the shifting of bones and subsequent chan­
ges in the foramina which transmit blood vessels and nerves 
(see for example de Beer, 1937). Many of these changes in 
structure and function of the skull foramina are related to 
modification in the masticatory apparatus and adaptation to 
environmental conditions. A thorough understanding of these 
changes is therefore imperative when comparing foramina or
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other skull openings that are homologous in different 
lineages. As will be seen below, determining homology was 
one of the problems discussed during this study.
While reviewing the literature, I encountered some 
problems related to nomenclature, homology, and authorship. 
Nomenclature has been dealt with by Wahlert (1972) who 
provided a detailed table of synonyms. Unfortunately, this 
subject matter requires greater depth in search of names of 
foramina in obscure publications, old and new. Wahlert's 
1972 Table is therefore incomplete and requires updating. 
Homology and nomenclature sometimes overlap, but in many 
cases they are distinctly separate. For two foramina to be 
homologous, they have to be located in corresponding bones 
or surrounded by the same bones, and they have to transmit 
the same blood vessels and/or nerves. These criteria were 
not always met in publications, and therefore, in some cases 
it was not possible to determine homologies with certainty. 
In determining authorship, an effort was made to identify 
the original author(s) who described a particular foramen 
and thereby to eliminate or reduce the two previously men­
tioned problems of nomenclature and homology. In some 
cases, authors of specific foramina (e.g., Cope, 1880 for 
the supraglenoid foramen, and Wahlert, 1974 for the 
squamoso-mastoid foramen) could be easily identified, while 
in other cases, the original author(s) for familiar skull 
openings (e.g., foramen magnum, alisphenoid canal, or the 
external naris) could not be traced. I have not reviewed
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all the literature (published in many languages) on cranial 
foramina, but I have started a list that will take many 
years to complete.
C. LITERATURE CONCERNED WITH IMMUNOCHEMICAL/MOLECULAR 
ASPECTS
C.l. GENERAL OVERVIEW
Pertinent reviews on the historical background of 
serology and its fundamental principles can be found in 
Nuttall (1904), Erhardt (1931), Boyden (1942, 1953, 1964),
Moody (1962), Borysenko (1976), and Gribbin and Cherfas
(1981). Amino acid sequencing of proteins began during the 
1960s and overtook immunology during the 1970s. Sequencing 
provides a direct method of investigating the morphology of 
protein molecules, and thus it yields more exact molecular 
data for phylogenetic studies (see Goodman, 1982 and Nei and 
Koehn, 1983; Miyamoto and Goodman, 1986).
Table 2 provides tabulation of selected immunological 
studies, taxa examined by the investigators, hosts employed 
for antisera production, and the specific methods of inves­
tigations.
Earlier immunologists may not have realized that im­
munological specificities of animal sera have their genetic 
basis in the amino acid sequences of proteins. Neverthe­
less, these studies were invaluable stepping stones on the 
way to more sophisticated amino acid sequencing of proteins 
and nucleotide sequences of genes. Immunological findings 
provided the first crude sorting-out process, enabling the
Table 2. Selected immunological studies as applied to taxonomy and phylogeny
Author(s)
and Date (1)
Taxa and the
Relationship(s)
studied
Host(s) employed 
to produce Antisera
Specific Method(s) 
of Investigation
Bordet, 1899 Aves (Partial) - Inter­
ordinal
Rabbits(1) Degree of Precipitation
Nuttall, 1904 Vertebrata (Partial) and 
Crustacea-Interclasses 
and Interphyla
Rabbits Degree (Amount) of 
Precipitation
Uhlenhuth,
1905
Mammalia (Partial) 
Interordinal
Chickens(3) Degree (Amount) of 
Precipitation
Boyden, 1926 Mammalia (Partial) 
Interordinal
Rabbits and 
Chickens
Ring test and Precipitin 
Turbidity Measured with 
Photronreflectometer 
(RT and PTMWP)
Boyden and 
Gemeroy, 1950
Mammalia - Interordinal Rabbits RT and PTMWP
Levine and 
Moody, 1939
Rodentia - Interordinal Rabbits RT and PTMWP
Moody et 
al. ,1949
Mammalia (Partial) 
Interordinal
Chickens RT and PTMWP
Baier and 
Wolfe, 1942
Artiodactyla - Inter- 
familial
Rabbits Precipitin turbidity 
Measured with Photron­
ref lectometer (PTMWP)
T a b l e  2 ( c o n t i n u e d )
Author(s)
and Date (1)
Taxa and the
Relationship(s)
studied
Host(s) employed 
to produce Antisera
Specific Method(s) 
of Investigation
Weitz, 1953 Proboscidea, Hyracoidea 
- Interordinal
Rabbits Ring test
Wemyss,1953 Marsupialia - Intraor­
dinal
Rabbits PTMWP
Leone and 
Wiens, 1956
Carnivora - Intraordinal Rabbits PTMWP
Goodman, 1963 
and 1975
Primates - Intraordinal Rabbits Immunodiffusion (IMDFN)
Goodman and 
Moore, 1971
Primates - Intraordinal Rabbits IMDFN
Gerber and 
Birney, 1968
Rodentia: Spermophilus - 
Intragenus
Rabbits PTMWP
Gerber and 
Leone, 1971
Chiroptera:
Phyllostomat-
idae - Intrafamilial
Rabbits IMDFN and PTMWP
Sarich, 1969 Carnivora (Partial) 
Intraordinal
Rabbits Microcomplement
(MCF)
fixation
Cronin and 
Sarich, 1975
Primates - Intraordinal Rabbits MCF
T a b l e  2 ( c o n t i n u e d )
Author(s )
and Date (1)
Taxa and the
Relationship(s)
studied
Host(s) employed 
to produce Antisera
Specific Method(s) 
of Investigation
Sarich and 
Cronin, 1980
Mammalia (Partial) 
Interordinal
Rabbits MCF
Wallace et 
al., 1973
Amphibia: Ranidae - In­
tragenus
Rabbits MCF
Hight et al., 
1974
Rodentia: Sciuridae 
Intrafamilial
Rabbits IMDFN
Hight and 
Nadler, 1976
Artiodactyla: Bovidae 
Intrafamilial
Rabbits IMDFN
Baba et al., 
1975
Primates - Intraordinal Rabbits IMDFN
Dene et al., 
1975
Primates - Intraordinal Rabbits IMDFN
Dene et al., 
1978
Archonta - Intra- and 
Interordinal
Rabbits IMDFN
Prager et al., 
1976
Aves - Interordinal Rabbits MCF
Prager et al., 
1980
Elephantidae - In­
trafamilial
Rabbits MCF, IMDFN
T a b l e  2 ( c o n t i n u e d )
Author(s)
and Date (1)
Taxa and the 
Relationship(s) 
studied
Host(s) employed 
to produce Antisera
Specific Method(s) 
of Investigation
Kirsch, 1977b Marsupialia - Intraor­
dinal
Chickens, Rabbits 
and Marsupials
Double-diffusion (= IM­
DFN) and Im­
munoelectrophoresis
Voronstov et 
al., 1980
Rodentia: Citellus 
Interspeci £ic
Rabbits IMDFN
Schwaner and 
Dessauer, 1982
Reptilia - Inter- and 
Intrafamilial
Rabbits IMDFN
Shoshani et 
al., 1981
Mammalia - Interordinal, 
Elephantidae - In­
trafamilial
Chickens, Rabbits 
and Opossums (4)
IMDFN (5)
Shoshani et 
al., 1985b
Proboscidea - In­
trafamilial
Chickens, Rabbits IMDFN, radioimmunoassay 
(RIA) (*)
Shoshani et 
al., 1985c
Elephantidae - Intraor­
dinal
Chickens, Rabbits IMDFN, radioimmunoassay 
(RIA) (*)
Shoshani, 1986 Mammalia - Interordinal Chickens IMDFN (7)
Shoshani, this 
study
Mammalia - Interordinal Chickens IMDFN (7), RIA (‘)
Footnotes to Table 2 (see next page).
F o o t n o t e s  t o  T a b l e  2.
1. See Literature Cited.
2. The domestic rabbit, Qryctolaqus cuniculus.
3. The domestic fowl, Gallus domesticus.
4. The North American opossum, Didelphis virqiniana.
5. Includes results with purified albumins only.
6. The RIA (radioimmunoassay) study was conducted on the Proboscidea 
Elephantidae) in collaboration with Jerold M. Lowenstein.
7. Includes results with purified albumins and whole sera.
(mostly
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investigator to focus on a limited number of species instead 
of on a larger spectrum. This was evident, for example, in 
Goodman's (1962, 1963) early immunological studies and the
subsequent sequence studies (Goodman, 1981, 1982).
Nuttall (1901, 1904) pioneered the application of im­
munological cross-reactions to taxonomic problems. He car­
ried out extensive comparisons among primates and other 
mammalian taxa and invertebrate species. Boyden (1942) 
divided his historical review and development of the 
research in systematic serology into three main periods: 
I. The Formative Period, 1895-1910; II. The "Middle Ages", 
1910-1930; and III. Recent Times, 1930-1942. Moody (1962) 
in his book, Introduction to Evolution, devoted a chapter to 
"Evolution as seen in serological tests"; it is lucidly 
written for non-serologists, yet it contains all the es­
sential information. A recent review on "The molecular 
making of mankind" (Gribbin and Cherfas, 1981) also includes 
historical background on immunological studies, their 
theories and principal findings. These authors concentrate 
on the work done with primates and incorporate research of 
eminent immunologists in a historical perspective. Thus, 
Paul Ehrlich, Paul Uhlenhuth and George H.F. Nuttall fall 
within "The Formative Period" of Boyden (1942), and Alan 
A. Boyden, Morris Goodman, Allan C. Wilson, and Vincent 
M. Sarich fall within the updated "Recent Times" of Boyden 
(1942). Useful reviews of molecular studies are incor­
porated in the recent volume edited by Goodman (1982).
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C.2. HISTORICAL BACKGROUND
C.2.1. Immunological studies
Among the early serologists and immunologists who in­
fluenced and inspired subsequent workers were: P. Ehrlich
(published 1891-1901), J. Bordet (published 1895-1900), 
P. Uhlenhuth (published 1897-1903), and E. Metchnikoff 
(published 1899-1901) [see list of references in Nuttall, 
1904], Nuttall's 1904 volume was dedicated to Paul Ehrlich 
and Elie Metchnikoff "...whose genius and influence have so 
greatly advanced and stimulated the search after truth amid 
the complex problems of immunity." Nuttall (1904:a2). The 
study of Bordet (1899) was probably the first to give in­
dication that precipitates could be useful in systematic 
zoology. Bordet's rabbit antifowl antiserum precipitated 
fowl serum and also pigeon serum. Uhlenhuth (1905) used 
chickens to prepare antibodies against European hare, an 
antiserum which reacted strongly with other lagomorphs but 
not with blood of non-lagomorph species.
The founder of immunosystematics or systematic serology 
was George Henry Falkiner Nuttall, professor of biology at 
Cambridge University (see Boyden, 1951). His first 
publication in 1901 dealing with immunological species com­
parison was followed in 1904 by his classic monograph en­
titled Blood Immunity and Blood Relationships. This 
monograph contains the results from 1600 tests carried out 
on about 900 blood samples from a large number of vertebrate
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and invertebrate species. Methods employed by Nuttall in­
cluded antibody productions in rabbits and testing (mixing) 
these antibodies with blood samples of the homologous 
(donor) species, as well as with blood samples of other 
(heterologous) species in separated test tubes and recording 
whether or not a precipitation reaction (and its amount) 
occurred. His results showed that bloods of closely related 
species react more powerfully and more rapidly than do 
bloods of distantly related species; he therefore concluded; 
"The degree and rate of blood reaction appear to offer an 
index of the degree of blood-relationship..." (Nuttall, 
1904:409). Understandably, the procedures he used would be 
judged inadequate by present day standards. Nevertheless, 
his main findings have been repeatedly confirmed. These 
results seemed so promising to Nuttall that he foresaw a new 
frontier in the study of evolution. He offered this 
prophetic statement:
"The persistence of the chemical blood-relationship be­
tween the various groups of animals serves to carry us 
back into geological times, and I believe we have but 
begun the work along these lines, and that it will lead 
to valuable results in the study of various problems of 
evolution.” (1904:4).
Following Nuttall's pioneer work came the efforts of 
Alan A. Boyden. His 38 publications on serology and its 
application to systematics and phylogeny bear witness to his 
intense concentration in this methodology during the period 
from 1926 to 1964 (Leone, 1964; Boyden, 1964). Boyden's 
comparative serological studies, like those of Nuttall,
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covered vertebrate and invertebrate species. Methods 
employed by Boyden included the ring test and a refined 
technique for measuring the turbidity in a test tube. This 
technique utilized the photronreflectometer developed by 
Raymond Libby to measure quantitatively the turbidity which 
was proportional to the amount of precipitin formed during 
reactions (see Boyden, 1942 for further details).
Paul Amos Moody's contributions to systematic serology 
primarily concerned the orders Rodentia, Artiodactyla, and 
Lagomorpha (Moody, 1962). Moody also employed the ring test 
and the photronreflectometer to measure turbidity. Sig­
nificantly, Moody et al. (1949), Moody and Doniger (1956), 
and Moody (1958) were aware of the importance of using 
chicken (class Aves) and not rabbit (class Mammalia) as an 
antibody producer for studying mammalian phylogenetic 
relationships, especially those of the enigmatic groups they 
studied.
Morris Goodman, a contemporary of Moody in later years, 
focused his early studies on the primates, specifically on 
the relationships of man to other primates (Goodman, 1962, 
1963, 1975). He employed the immunodiffusion technique in­
itially developed by the Swedish scientist 0rjan Ouchterlony
(1968). This technique allows one to examine simultaneously 
several different antigens reacting with one antiserum. As 
the antigens diffuse through the agar gel and meet their 
corresponding antibodies, each of the several reacting 
antigen-antibody systems forms a separate precipitin line in
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the agar, which can be observed by the investigator. Use of 
the immunodiffusion technique enabled Goodman to infer 
phylogenetic relationships among the various primate taxa, 
particularly with regard to man's phylogenetic position 
within the Hominidae (Goodman, 1975).
Since the late 1960s, interest in the immunodiffusion 
technique has grown and its application as a tool in sys­
tematic studies has been expanded to include non-primate 
taxa, such as various species of Reptilia (Schwaner and 
Dessauer, 1981, 1982; Shochat and Dessauer, 1981), Mar-
supialia (Kirsch, 1969, 1977a-c), Rodentia (Hight, et al.,
1974), Artiodactyla (Hight and Nadler, 1976), Archonta 
(Dene, 1976, Dene et al., 1978), Elephantidae and Mammalia 
(Shoshani, et al., 1981 and 1985b; see also Table 2). The 
latter studies have demonstrated the sensitivity of the im­
munodiffusion technique because tissue samples of the ex­
tinct woolly mammoth (Mammuthus primiqenius, approximately 
40,000 years old) produced precipitin lines on the agar 
plates.
Allan C. Wilson and colleagues began studying primate 
relationships shortly after Goodman. In contrast to Good­
man, Wilson's laboratory used the microcomplement fixation 
(MC’F) technique developed by Wasserman and Levine (1961). 
This technique (MC'F) is a highly quantitative and sensitive 
method of studying immune reactions utilizing antisera made 
to purified proteins. Sarich and Wilson (1966), Sarich
(1969), Maxson et al. (1975), and Sarich and Cronin (1976)
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provide further details on this technique and its applica­
tion to systematic studies. As data from MC'F accumulated, 
these workers observed what seemed to be a regularity in the 
data, which they interpreted as supportive of the concept of 
the molecular clock initially developed by Zuckerkandl and 
Pauling (1965). This clock was calibrated using generally 
accepted divergence or splitting times in the paleontologi­
cal record, such as the splitting of the Old World monkeys 
(superfamily Cercopithecoidea) from the apes and man 
(superfamily Hominoidea), which is believed to have occurred 
about 20 million years ago. Other splitting times in the 
geological record which have been used as alternative dates 
are those of the marsupial-placental split (about 120 mybp), 
placental radiation (about 90 mybp), and primate radiation 
(about 65 mybp). Based on this approach, the separation 
between Homo. Pan, and Gorilla was calculated to have oc­
curred about 5 million years ago (Sarich and Cronin, 1976). 
Researchers at Berkeley have also expanded their im­
munological studies to non-primate taxa such as carnivores 
(Sarich, 1969), iguanid lizards (Gorman, et al.,1971), ranid 
frogs (Wallace, et al., 1973), marsupials (Maxson, et al.,
1975), hylid frogs (Maxson and Wilson, 1975), South American 
mammals (Sarich and Cronin, I960), and the extinct woolly 
mammoth, Mammuthus primiqenius (Prager, et al., 1980, 1981).
C.2.2. Amino acid sequence studies
Table 3 contains a summary of amino acid sequence
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studies beginning with the work of Zuckerkandl and Pauling 
(1965) and extending to the present. Investigation of 
animal and plant relationships by means of amino acid and 
nucleotide sequencing have entered a new phase through the 
employment of increasingly sophisticated techniques. The 
recent volumes by Goodman (1982) and Nei and Koehn (1983) 
reflect this trend and bring us up to-date on the advances 
in the field of molecular studies.
The chapter by Goodman et al. (1982) provides an ex­
tensive examination of molecular data on prokaryote and 
eukaryote species. Amino acid sequences from 553 polypep­
tide chains of 224 species are analyzed by the maximum par­
simony approach. The vast majority of the species sequences 
represents the Vertebrata, particularly the Mammalia 
(Eutheria), and even more specifically, the Primates. The 
tables, the phylogenetic reconstructions and the discussion 
point the way for further research. The main theme of this 
study is that Natural Selection is the major driving force 
in evolution.
Conclusions with regard to the relationships among the 
Paenungulata (including Tubulidentata) are based mostly on 
data from alpha-crystallin A by de Jong (1982). In his 
chapter de Jong (1982) postulates the aardvark (Tubuliden­
tata), hyrax (Hyracoidea), manatee (Sirenia) and elephant 
(Proboscidea) to form a monophyletic branch within the 
Eutheria. There are four amino acid substitutions shared by 
aardvark, manatee and hyrax, and only three shared by these
T a b l e  3. S e l e c t e d  a m i n o  a c i d  s e q u e n c e  s t u d i e s  a s  a p p l i e d  to t a x o n o m y  a n d  p h y l o g e n y
Author(s) and 
Date t
Taxa and the
Relationship(s)
studied
Polypeptide Chains Specific Method(s) 
of Investigation
Zuckerkandl 
Pauling, 1965
and Vertebrata - Intra- and 
Interordinal
Hemoglobins, 
Myoglobins, 
Cytochrome c
Differences between 
matrices (DMB)
Goldstone 
Smith, 1966
and Cetacea (Rhachianectes 
qlaucus),
Cytochrome c 
c )
(Cyt Primary structure 
(PS)
Fitch and 
goliash, 1967
Mar- Eukaryotes - Intra- and 
Interkingdom
Cyt c Maximum Parsimony 
(MP)
Kimura, 1968 Vertebrate and Inver­
tebrate - Rates of 
Evolutions
Hemoglobins 
Cytochrome c 
others
(Hb), 
and
Mathematical cal­
culations
Sokolovsky 
Moldovan, 1972
and Artiodactyla (Camelus 
dromedarius)
Cyt c PS
Romero-Herrera 
al., 1973
et Vertebrata - Inter- and 
Intraordinal
Myoglobin (Mb) (MP)
Romero-Herrera 
al., 1979
et Mammalia - Intra- and 
Interordinal
alpha (al.), 
(Bt.), and 
Hb
beta
delta
MP
Welling et 
1975
al., Mammalia - Interordinal Pancreatic
Ribonucleases (PR)
DBM
T a b l e  3 ( c o n t i n u e d )
Author(s) and 
Datej
Taxa and the
Relationship(s)
studied
Polypeptide Chains Specific Method(s) 
of Investigation
Niece et al,, 1977 Artiodactyla (Lama 
guanicoe)
cyt c PS
Beintema et 
1977
al., Mammalia - Intra- and 
Interordinal
PR MP
Beintema 
Lenstra, 1982
and Mammalia - Intra- and 
Interordinal
PR MP
Dene et al., 1980a Proboscidea (Elephas 
maximus)
Mb PS
Dene et al . , 1983 Tubulidentata-Mammalia - 
Interordinal
Mb MP
Dwulet et 
1980
al., Cetacea (Mesoplodon 
carlhubbsi)
Mb PS
Tashian et 
1980
al., Vertebrata - Inter- and 
Intraordinal
Carbonic Anhydrase 
(Car)
MP
Baba et al., 1981 Prokaryotes and 
Eukaryotes
Cyt c MP
de Jong et 
1981
al., Paenungulata - Interor­
dinal
alpha crystallin A 
(Cry)
MP
T a b l e  3 ( c o n t i n u e d )
Author(s) and 
Datex
Taxa and the
Relationship(s)
studied
Polypeptide Chains Specific Method(s) 
of Investigation
de Jong, 1982 Vertebrata - 
Interordinal
Intra- and Cry MP
Goodman et 
1982
al. , Prokaryotes 
Eukaryotes - 
Interempire3
Intra-
and
and
Al. Hb, Bt. HHb, 
Mb, Cry, Car, 
Fibrinopeptides (A 
and B(FAB), Cal­
modulin family(CF)
MP
Shoshani et 
1985a
al., Mammalia
Intraordinal
Inter- and Al. and Bt. Hb MP
Kleinschmidt 
al., 1986
et Mammalia 
Intraordinal
Inter- and Al. and Bt. Hb MP
Miyamoto 
Goodman, 1986
and Mammalia
Intraordinal
Inter- and Al. Hb,Bt. Hb, Mb, 
Cry, Car, FAB, CF
MP
Footnotes to Table 3.
1. See Literature Cited
2. Eschrichtius robustus according to Honacki et al., 1982:302.
3. Terminology used by Simpson, 1945:14.
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three species (aardvark, manatee and hyrax) and the 
elephant. Of these four substitutions, only one (70-Lys- 
Gln) is unique for all Paenungulates, and one (72-Val-Leu) 
is unique for aardvark, hyrax and manatee; of the remaining 
two substitutions, one (74-Phe-Leu) is shared with Tamandua. 
and one (142-Ser-Cys) is shared with Homo. De Jong also 
found that the ungulate and paenungulate taxa do not share 
common ancestry. In fact, the ungulates and paenungulates 
are at both extremes of the tree; the paenungulates are 
close to ancient Eutheria; and the ungulates (and Cetacea) 
share common ancestry with the carnivore-pangolin branch. 
Other findings of de Jong (1982) which are relevant to my 
study include the affinity of Carnivora to Pholidota and the 
close relationship of Cetacea to Ungulata (Perissodactyla 
and Artiodactyla).
A recent study (Dene et al., 1983) of the amino acid 
sequence of aardvark (Orycteropus afer) myoglobin shows that 
the maximum parsimony tree with the lowest nucleotide 
replacements (NR) groups the aardvark with a bat-hedgehog 
branch. [Analyzing the same myoglobin amino acid sequence 
file cladistically, McKenna (pers. comm.) found that Oryc­
teropus afer (order Tubulidentata) groups with Tupaia glis 
(order Scandentia) instead.] This position changes, 
however, when additional polypeptide chains are examined. 
For example, when polypeptide chains alpha-hemoglobin, beta- 
hemoglobin, myoglobin, lens alpha-crystallin A, fibrinopep- 
tide A, fibrinopeptide B, and cytochrome c, are employed in
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dendrogram reconstructions on 49 taxa, the lowest NR length 
tree places aardvark either with the elephant branch or with 
the bat-hedgehog branch. Furthermore, when the combined 
sequence data of myoglobin and lens alpha-crystallin A are 
analyzed on 27 taxa, the aardvark groups in the lowest NR 
length tree with the elephant as the earliest separated 
branch of Eutheria.
A recent amino acid sequence study (Shoshani et al., 
1985a) utilizes data on alpha and beta hemoglobin molecules. 
Inter- and intra-ordinal relationships were tested among 
vertebrate taxa in general and Eutheria in particular. Most 
relevant to this dissertation is the grouping of Hyracoidea 
and Proboscidea (no sequences were available from Sirenia 
and Tubulidentata). Another relevant conclusion includes 
the close relationship of Cetacea to Artiodactyla. A ver­
sion of these conclusions is included in this volume.
A more recent amino acid sequence study is that of 
Kleinschmidt et al. (1986) in which the sequences of alpha 
and beta hemoglobin molecules of Trichechus inunguis 
(Sirenia) and other species were added to the existing mam­
malian sequences. A maximum parsimony tree was constructed 
and depicted Proboscidea, Sirenia, and Hyracoidea to be a 
monophyletic group.
Miyamoto and Goodman (1986) combined all known sequen­
ces of protein molecules in one file (seven in total, see 
Table 3) and analyzed them employing the Maximum Parsimony 
approach of Goodman et al. (1982). Pertinent grouping in
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their final tree for the Eutheria depicts close 
relationships among Proboscidea, Sirenia, Hyracoidea and 
Tubulidentata.
III. MATERIALS AND METHODS (for Volumes I and II)
A. MATERIALS
A.I. MATERIALS FOR MOLECULAR/BIOCHEMICAL STUDIES
A.1.1. Materials for immunology
A.1.1.1. Sources of blood, tissues, and bone samples
Blood (sera) samples have been collected since the 
1960's by Morris Goodman and his staff and stored in a 
freezer at the laboratory [fourth floor of Helen Vera Pren- 
tis Lande Medical Research Building, Department of Anatomy, 
School of Medicine, Wayne State University (WSU), 550 
E. Canfield, Detroit, Michigan 48201]'. Other sera samples 
have been donated and/or exchanged by individuals and in­
stitutions worldwide. Since the 1970's our sera library has 
expanded via several field trips by the author to the Far 
East and Africa. The vast majority of the sera samples are 
from the class Mammalia and the rest are from other ver­
tebrate classes, principally from Reptilia and Aves. Sera 
samples are stored in test tubes, assigned sequential num­
bers which are entered into a computer file named SERUM. As 
of the end of 1984 there were 4,817 entries in this file.
Our tissue sample collection includes: muscles (in­
cluding tendons), livers, kidneys, and brains from various 
animals, mostly mammals. This collection began in the 
1970's through our collecting efforts but also via donations
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and exchange; it includes (as of end of 1984) a total of 100 
samples, individually wrapped, catalogued and stored in a 
-20 C freezer at the above location, WSU.
Muscle and clotted blood samples of the woolly mammoth 
(Mammuthus primiqenius) were received through the courtesy 
of Soviet scientists (see ACKNOWLEDGMENTS). The muscle 
samples came from three woolly mammoths Yuribey, Magadan
1 4
("Dima” ), and Khatanga, radiocarbon-dated with the C 
method at 10,000 (Vereshchagin, 1982), 40,000 (Vereshchagin 
and Mikhelson, 1981), and 53,000 (Arslanov et al., 1982) 
Years Before Present, respectively. The clotted blood 
sample came from "Dima." Additional details on these three 
mammoths are given in Appendices G and I .
The bone sample collection (began in 1982) used in this 
study includes (as of end of 1984) 11 finely ground mam­
malian bone samples stored in tightly closed containers and 
stored at room temperature. This collection also includes 
bone samples of Mammut americanum (see Section B.l.1.3 under 
METHODS and Appendix J).
Table 4 provides a summary of the major taxa and tissue 
types examined immunologically and Appendix G includes a 
detailed list of all the species and tissues (sera, muscles, 
bones and purified proteins) used in this study, and when 
and how they were obtained. Also, this appendix gives me 
the opportunity to acknowledge the institutions and in­
dividuals who helped us in obtaining these tissue samples.
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Table 4. Taxa, number of species and tissue types ex­
amined in the immunological part of this study.
Taxon (1) n {1) n {3) Tissue type (4)
Monotremata 1 1 S
Marsupialia 2 2 S
Edentata 1 1 S
Tenrecidae 2 2 S
Erinaceidae 1 1 S
Soricidae 2 2 S
Scandentia 2 2 S
Dermoptera 1 1 S
Chiroptera 2 2 S
Primates 29 35 S ,A,MH,B
Carnivora 18 19 S,A,MH,B
Cetacea 1 1 S
Sirenia 2 2 S,A,MH,B
Proboscidea (“) 4 4 S,A,MH,B
Perissodactyla 3 3 S ,A,MH
Hyracoidea 1 1 S,A,MH
Tubulidentata 1 1 S,A,MH
Artiodactyla 13 13 S , A ,MH,B
Pholidota 1 1 S
Rodentia 8 12 S , A
Lagomorpha 3 3 S , A
Macroscelidea
TOTALS— >
5
103 (5)
5
114
S
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F o o t n o t e s  to T a b l e  4.
1. Listing of taxa after Honacki et al. (1982). See 
Appendix G for detailed listing of the species 
grouped within each taxon.
2. This column includes the total number of species as 
they were employed in the immunodiffusion experi­
ments and/or grouped for each mammalian order or 
family within each antiserum table (Tables 7-27), 
excluding the homologous species for these tables.
3. This column includes the total number of species as 
they appear in Appendix G.
4. KEY: S=Serum, A=Albumin, MH=Muscle Homogenate and/ 
or muscle supernate, B=bone (ground).
5. Includes two extinct species: Mammuthus primiqenius 
(Elephantidae), and Mammut americanum {Mammutidae). 
These two extinct species were not included in the 
IMDFN analyses for the Paenungulata study but only 
within the Proboscidea, thus the 101 species men­
tioned in the text.
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Albumins and collagens were purified following 
procedures described by Travis and Pannell (1973); see 
details under METHODS.
A.1.1.2. Hosts for antisera production
The white leghorn chicken (Gallus domesticus. order 
Galliformes, class Aves) was mostly employed as a host for 
investigating the interordinal relationships within the 
class Mammalia, but it was also employed for the intraor­
dinal relationships within the Proboscidea (see Table 5 and 
footnotes therein). The North American opossum (Didelphis 
virginiana, order Marsupialia, infraclass Metatheria, sub­
class Theria, class Mammalia) was also employed as a host, 
without much success, for investigating the interordinal 
relationships within the infraclass Eutheria. The domestic 
rabbit (Oryctolagus cuniculus, order Lagomorpha, subclass 
Theria, infraclass Eutheria, class Mammalia) was employed as 
an antibody producer for studying the relationship within 
the family Elephantidae (see Section B.l.2.2. under METHODS 
for further details on why a particular host is preferred 
over another for a given study).
The chickens and rabbits were easily obtained from 
animal dealers or from a local market. The opossums were 
caught on a farm in Michigan. Whenever possible, hosts were 
acquired as young, at about eight weeks old, and males, be­
cause females have more fat in their sera than males, espe-
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Table 5. List of antisera produced in the domestic chicken, 
Gallus domesticus, for studying phylogenetic relationships 
within the class Mammalia. ( M  and (2)
Antigen Species Nature of Proteins(2)
COMMON NAME SCIENTIFIC NAME
WHOLE
SERUM
PURIFIED
ALBUMIN
Aardvark Orycteropus afer +
Arabian camel Camelus dromedarius +
Asian elephant Elephas maximus + +
Chinese pangolin Manis pentadactyla +
Domestic cow Bos taurus +
Domestic dog Canis familiaris +
Domestic horse Equus caballus +
Domestic pig Sus scrofa +
Domestic rabbit Oryctolaqus cuniculus + +
Man Homo sapiens +
North American Trichechus manatus +
manatee 
Rock hyrax Procavia capensis + +
Roof rat Rattus rattus +
1. Antisera were also produced in the North American opossum 
(Didelphis virqiniana, see Table 27), and in domestic 
rabbits COryctolaqus cunicuius; see Section A under 
RESULTS in Volume II).
2. Whenever both columns are marked with that is, the
author produced and/or examined antisera either of only 
one protein (albumin) or a number of proteins as in the 
case of whole serum.
78
cially in chickens when they lay eggs [the presence of 
adipose tissue in a blood sample causes gelatinization of 
serum which makes it difficult to decant from the test tube 
(Ken Morrison, pers. comm.)].
A.1.1.3. Materials for the immunodiffusion experiments
Goodman and Moore (1971) provided detailed description 
of the materials used in immunodiffusion experiments and the 
sources for obtaining some of these materials. Figure 10, 
summarizes some of the materials used, these include:
Trefoil Ouchterlony plates and bases for these plates; Agar
(Bacto-Agar Difco, Detroit, see details below); NaCl; Anti­
bacterial growth (e.g. merthiolate, only 0.01% of agar
volume); Agar cutting knife, and a small wooden block as a 
knife guide; 1 cm x 1 cm x o.2 cm moist filter pads (mois­
tened with distilled water, about 0.2-0.35 ml, 2 pads per 
plate, to prevent the agar from drying out); masking tape 
for sealing the plates; a dark, disturbance-free cabinet to 
hold the plates during the incubating period at room
temperature (usually 3-4 days, during which the antigens and 
the antibodies are allowed to diffuse into the agar and 
react with each other); a desk lamp for better viewing the 
precipitin lines; a recording sheet; and a photographing
light box (a box with a round opening and a light source 
that illuminates the Ouchterlony plate from underneath). 
Note that there are two basic types of agar used: (1) one
used for coating the inner surface of the trefoil basin
Cover
T  tre fo i l  p la te Y trefoil plate
COVER V
t ' T ' c - Y - )  ^
( i )
ptotlic 
gloss
P- 'T~T*
TREFOIL PLATE (" * or "Y*| c^a»
I 1— — 1-------- — ~  - ; - _ t  - f3 ’ P*®11*
r e t a i n e r  r i n g
Figure 10. Some of the materials used in an 
and Moore, 1971:32).
Step 3  -  Adding reoctants
immunodiffusion
Step 4  -  Sealing covered plate 
with masking tape
experiment (after Goodman
-si
to
80
(preparation: 0.3% agar containing 0.9% NaCl and 0.01% mer- 
thiolate), and (2) another in the agar area where im­
munodiffusion take place. This latter type of agar, when 
used with mammalian antiserum, contains 0.75% agar, 0.9% 
NaCl and 0.01% merthiolate, and when used with chicken an­
tisera, contains 0.75% agar, 4% NaCl, and 0.01% merthiolate. 
See also METHODS for additional information.
A.1.2. Amino acid sequences examined
Data gathering of amino acid sequences of alpha and 
beta hemoglobin chains that were analyzed in this study (see 
Appendix K) were conducted mostly by Braunitzer's laboratory 
(see for example Braunitzer et al., 1982; Kleinschmidt and 
Braunitzer, 1983a and 1983b). These amino acid sequences 
represent 83 species, of which 55 were analyzed by Goodman 
et al. (1982) and 28 new species by Shoshani et al. (1985a); 
see references for these 28 new species in Table 1 of 
Shoshani et al. (1985a). All the amino acid sequences were 
analyzed by the maximum parsimony approach (Goodman et al., 
1982) which is described in detail below (METHODS, Section 
B.2.6.) and in Shoshani et al. (19B5a).
A.2. MATERIALS FOR OSTEOLOGICAL STUDIES
A.2.1. Sources of the material examined
The osteological material examined in this study con­
sisted of disarticulated bones and mounted skeletons found 
in 22 museum collections or field locales. Appendix L in­
cludes a listing of all the taxa examined for the os-
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teological characters, and Appendix 0 contains a list of 
museums and locations and the dates of investigation.
B. METHODS 
B.l. MOLECULAR INVESTIGATIONS 
B.1.1. PROTEIN PURIFICATION, EXTRACTION AND DETERMINATION
B.l.1.1. Albumin purification from sera samples
Purified albumins of Asian elephant, African elephant, 
manatee, hyrax and aardvark were prepared with the help of 
Daniel A. Walz in the Physiology Department of Wayne State 
University School of Medicine. Each purified albumin was 
isolated from serum by affinity chromatography with the gels 
prepared from alkyl succinic anhydride coupled to aqueous 
beads by diaminoalkane spacers according to the procedure of 
Aslam et al. (1976). The bound albumin was then dissolved 
by elution with sodium dodecylsulphate (SDS), as described 
by Travis and Pannell (1973). Selected extracts were ini­
tially dialyzed against 0.02 M phosphate buffer for 24 hours 
prior to application to a 0.6 x 10 cm column containing 
Blue-Sepharose. Column effluent was monitored at 280 nm 
using an LKB Uvicord II detector. Subsequent fractions were 
generated by desorption of the column with 1.4 M NaCl in 
phosphate buffer. This latter solution has been utilized 
for purification of albumin from such affinity matrix. The 
procedure was standardized using serum from the living Asian 
(Elephas maximus) and African (Loxodonta africana) 
elephants. When it was deemed necessary, the eluted albumin
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was further purified by diethylaminoethyl (DEAE) Sephadex 
chromatography and gel filtration. Mammoth and mastodon 
tissue and bone samples were processed in the same tech­
nique. Purified serum albumins of human, rabbit, dog, pig, 
ox, horse, guinea pig, and rat were obtained commercially.
B.l.1.2. Protein extraction from muscle samples (in­
cluding clotted blood of the woolly mammoth)
The procedure for extracting proteins from the mammoth 
tissue was based on the method developed by Barraco et 
al. (1977) for mummified human tissue. Finely sliced pieces 
of tissue were suspended in a closed vessel containing for 
each 100 mg weight of tissue 2.5 ml of 12% NaCl for 50-60 
hours at room temperature. This procedure of extracting 
proteins had an advantage for this study because chicken 
antibodies are known to yield better precipitin reactions in 
high NaCl concentrations than in low (Goodman et al., 1951; 
Goodman and Wolfe, 1952). At the end of the incubation 
period, the solution of 12% NaCl had changed color from 
white to bright yellow. Dark brown material representing 
the rehydrated tissue had settled at the bottom of the tube. 
The contents were then homogenized, using a manual glass 
homogenizer and/or sonicated, using a Bronson sonifier cell 
disruptor 17416 at maximum speed (set at 78.5 watts) for 15 
seconds. Homogenization and sonication were done in an ice 
bath, with care taken to prevent foaming. The resulting 
suspension was labelled "homogenate". A portion of this 
homogenate was then centrifuged at 15,000 rpm and 4°C for 30
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minutes. Supernatants and particles were separated, 
labelled accordingly, and kept frozen until used.
Elephant and other muscle samples from extant species 
were processed in the same manner but usually not sonicated 
(see Appendix G and later in Volume II Tables 46 and 47 for 
list of muscle samples examined). Subsequent tests showed 
that elephant homogenate or supernate had about 0.2 mg of 
albumin per ml.
Protein extraction from the clotted blood of the woolly 
mammoth (Mammuthus primiqenius) and subsequent im- 
munoelectrophoresis experiments were conducted by Kenneth 
Morrison with the author's collaboration. Procedures fol­
lowed for protein extraction were similar to those described 
above for the muscle samples in the preceding paragraph. 
However, since the clotted blood "chunk" was hard, it re­
quired a longer period (72 hours) of soaking in the 12% NaCl 
solution and longer physical homogenization (3 hours), using 
a ground glass homogenizer. At the end of the soaking 
period, the 61.0 mg, dark-rust color, clotted blood, in­
creased in size about 3-4 times, and discolored the solution 
from transparent (non-visible color) to light yellow. At 
the end of homogenization, this blood sample had discolored 
the 12% NaCl solution to grayish brown. The homogenized 
sample was then centrifuged at 15,000 rpm at 4°C for 60 
minutes, and the supernate was used for immunodiffusion and 
immunoelectrophoresis experiments.
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B.l.1.3. Protein extraction from bone samples
The procedure described below is based on the extraction 
performed on bones of an American mastodon, Mammut 
americanum ("Elmer") that were unearthed in 1968 in a con­
struction site at Union Lake, southeast Michigan, and found 
to have a C age of 10,200 ± 170 years (Appendix J). When 
the bones were drilled for mounting in the Oakland Community 
College (Dorr et al., 1982) great care was taken to keep the 
drill-bit cool to prevent damage to the bone dust which was 
collected for protein extraction. Following a modified 
procedure of Lowenstein et al., (1981), a total of 250 grams 
of the bone dust was mixed with 1 liter ethylene diamine 
tetraacetic acid (EDTA) 0.2 M, pH 7.4, and stirred for 7
days at room temperature. The solution was then centrifuged
at 3,000x g for 30 minutes, and the supernate, referred to 
as EDTA extracted product, was dialyzed against 30 volumes 
of distilled water for 3 days. This supernate was then
lyophilized and yielded 300 mg of extract. The EDTA in­
soluble residue remaining from centrifugation was mixed with 
500 ml of 0.5 M acetic acid and further processed as above, 
yielding an additional 200 mg of extract. This latter 
product is referred to as acid extracted product.
Bone extracts of the woolly mammoth and other species 
were retrieved by the same procedure, and only results with 
EDTA extracts are presented. Except for extinct mammoths 
and mastodon, the rest of the species are extant (see Ap­
pendix G and Table 46 for list of bone samples examined).
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B.l.1.4. Protein determination
Standard TCA (trichloro-acetic acid) precipitation of 
soluble protein tests (Lehninger, 1975) were carried out on 
the supernatants of the mammoth, elephant and other samples. 
Protein concentrations of these products were determined by 
the method of Lowry et al. (1951).
B.l.1.5. Amino acid composition and polyacrylamide gel 
analysis of muscle and bone samples (by Daniel
A. Walz with the author's collaboration).
Amino acid compositions were performed by initially 
subjecting the samples of mammoths and mastodon to 
hydrolysis in constantly boiling 6N HCl for 22 hours at 
110°C _in vacuo (Spackman et al., 1958). Each hydrolysate 
was reduced to dryness, reconstituted in a volume of 0.1 ml 
of pH 2.2 citrate buffer and individually and automatically 
injected onto a Beckman model 121 M amino acid analyzer. 
Prior to the analysis of the unknown samples, the analyzer 
was standardized by running a mixture of known amino acids, 
including hydroxylysine and hydroxyproline. Amino acid data 
were corrected to reflect the concentration of an internal 
standard, converted to moles of recovered amino acids, and 
expressed as residues per 1,000 amino acids. The elution 
profile of the hydrolysate of the mastodon bone extract was 
derived by injecting an aliquot of the sample into a Beckman 
121 M amino acid analyzer. The elution of the individual 
amino acid residues was performed automatically. Each amino 
acid residue position was determined by reference to a
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calibrated standard. The first standard, between ammonia 
and arginine, is aminoguanidinopropionic acid. The second 
standard, between leucine and tyrosine, is norleucine.
The Polyacrylamide gel analysis was performed only on 
the mammoth (muscle) and mastodon (bone) samples. It was 
made on 7.5% acrylamide gels by the method of Weber and Os­
born (1969). Purified rat collagen was run as a control
standard. Gels were stained in Coomassie Brilliant Blue in 
order to visualize the protein containing zones.
B. 1.2. THE IMMUNODIFFUSION PROCEDURE
B.l.2.1. Assumptions and hypothesis
Immunological investigations of evolutionary
relationships among animals are based on the following as­
sumptions:
1. That a direct relationship exists between amino acid, or 
even nucleotide (the genetic code) sequencing and struc­
ture and function of protein;
2. That the host employed for antibody production would 
recognize the donor's antigen(s), and make antibodies 
against those antigenic sites (amino acids) that are 
different than its own;
3. That the technique employed would be able to distinguish 
between those characters (antigenic sites) that are 
similar and shared by the two species compared, and those 
that are dissimilar.
Hypothesis: When two taxa compared are close to each other
(e.g. two species that belong to the same genus), there 
will be, in most cases, more genetic similarity between 
them than between two unrelated species (e.g., two that 
belong to two different genera).
Once the raw data are collected, antigenic distances 
and phylogenetic dendrograms are constructed by various
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methods. See Boyden (1953), Goodman and Moore (1971) and 
Maxson and Wilson (1975) for additional information. Below 
are brief comments on each of the assumptions listed.
Since the 1960's, every standard textbook in biology 
(e.g. Curtis, 1968; Mader, 1985) depicts the process "How a
protein is made?", incorporating the classic work of Watson
and Crick (1953) on the structure of the deoxyribonucleic 
acid (DNA), and the interaction between the messenger- 
ribonucleic acid (m-RNA), ribosome (containing r-RNA), the 
transfer-ribonucleic acid (t-RNA), and amino acids. All 
three types of RNA's are made from DNA template. A m-RNA 
then attaches to a ribosome which "reads" the message, one 
codon at a time. A particular t-RNA carries a particular
amino acid for the building of protein and attaches itself 
to a m-RNA whose codon (or the genetic code) matches the 
anticodon on the t-RNA. One after another, in a specific 
order as determined by the genetic code, the t-RNA brings
amino acids while the ribosome moves on the m-RNA enabling 
the protein molecule to form (see also Mader, 1985; 
Doolittle, 1979).
Differences in the structure and function of a protein 
molecule result when a mutation occurs. Mutations are 
mostly the result of changes in the base sequences of the 
DNA that is known to code for protein synthesis. Mutant 
proteins may differ from normal proteins by only one amino 
acid and most of these mutant proteins decrease their ac­
tivities or lose their ability to function normally
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(Helinsky and Yanofsky, 1966; Doolittle, 1979).
In the context of this study, antigens are protein 
molecules which, when introduced into a host, illicit an­
tibody production by the host. In order for the host to 
recognize them as foreign substance(s), antigens have to be 
large molecules of about 10,000 in molecular weight (Rose et 
al., 1973; see also McGhee and Mestecky , 1983). Further­
more, antibodies are not made against the entire antigenic 
molecule but only against the antigenic sites on the surface 
of the globular protein molecule. These surface antigenic 
sites are the amino acid parts of the antigen molecule. 
Nisonoff et al. (1970) were able to detect the change of 
only one amino acid (isoleucine) by using a combination of 
immunochemical techniques.
Immunological methods, including immunodiffusion (see 
procedures below), are not capable of detecting antigenic 
sites that are common to both host and donor species. They 
are, however, capable of detecting genetic similarities and 
differences between species (antigens) compared with a par­
ticular antiserum. In immunodiffusion experiments, whole 
serum samples, containing a mixture of proteins (antigens) 
from two species, can be compared to an antiserum containing 
an antibody to a mixture of proteins. In this case, because 
of the different rates of migration of the proteins on the 
agar (due to physical properties such as charges, molecular 
weight, etc.), up to 7 pairs of precipitin lines and spurs 
can be observed with the naked eye. These lines represent
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antigen-antibody systems that "...can be analyzed at once 
without the necessity of producing antisera to purified 
proteins or of using purified proteins in the actual 
tests." (Dene, 1976).
There still remains the problem of deciding which of 
these genetic similarities and differences are due to 
characters retained primitively (symplesiomorphies), evolved 
independently in two separate lineages which do not share 
common ancestry (convergences) or are due to characters 
evolved in particular lineages and that share common an­
cestry (synapomorphies). This problem of deciding on the 
polarities of characters for the taxa studied (i.e., the 
state of being shared-primitive = symplesiomorphic, or 
shared-derived = synapomorphic characters) is not restricted 
to immunological studies but is shared by all taxonomists, 
systematists and evolutionary biologists who study hierar- 
chial classification. According to Dene et al. (1978), when 
employing immunological techniques it is not possible to 
distinguish between primitive and derived genetic 
similar it ies.
Nevertheless, one can reduce the effect of primitive 
genetic similarities by increasing the number of species and 
the number of experiments with each species, and by making 
antisera against whole sera of as many different species as 
possible. By comparing the many species (here 101) with 
each of the antisera (here 16), the researcher obtains 
reciprocal results which compensate for any significant er-
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ror in the genetic distance (should it have been from con­
vergence or primitive similarities), thereby reducing gross
errors in the overall taxonomic conclusions drawn from the 
immunological data. Further discussion on this particular 
issues can be found in Goodman and Moore (1971), Dene
(1976), and Dene et al. (1978).
B.l.2.2. The choice of a host for antisera production
The choice of an appropriate host species for antibody 
production depends primarily on the objectives of the study 
and the questions asked. It is important that the host 
chosen be a species whose phylogenetic position is outside 
of the taxonomic group under investigation. Thus, for mam­
malian interordinal studies, the chicken is preferred over
the rabbit as an antibody producer because its phylogenetic 
position is clearly far from any of the mammalian orders 
being investigated, whereas that of the rabbit is closer to 
some orders than to others. For eutherian interordinal 
studies the opossum may prove to be useful; our limited ex­
perience indicated otherwise. Unfortunately, the strength 
of the opossum antiserum declined rapidly in the freezer, 
making it unusable for our experiments.
On the other hand, when one wishes to investigate the 
phylogenetic relationships within a particular family of a 
given taxonomic order, one employs a host that belongs to an 
outgroup to the monophyletic taxon being investigated, but 
which is still phylogenetically close to it. For example,
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the choice of a rabbit rather than a chicken as a host for 
antibody production to investigate the phylogenetic 
relationship within the family Sciuridae (order Rodentia, 
class Mammalia) or within the family Elephantidae (order 
Proboscidea, class Mammalia) is a better choice. Both the 
rabbit and the chicken are outgroup taxa to Sciuridae and 
Elephantidae but, because the rabbit is closer to Rodentia 
and Proboscidea than the chicken, there will be less dis­
traction to the rabbit immune system from antigenic sites 
which are not synapomorphic (shared-derived) to Sciuridae 
and Elephantidae and more concentration on those sites in­
dicating changes which are phylogenetically significant to 
the particular problem. Stated otherwise, the chicken would 
dilute the signal more than the rabbit would.
B.l.2.3. Immunization procedures
Antisera were produced in young fowls, Gallus domes- 
ticus, young rabbits, Oryctolaqus cuniculus, (about eight 
weeks old) and young opossums, Didelphis virqiniana, fol­
lowing modified procedures as described by Goodman (1962), 
Goodman and Moore (1971), and Morrison (1973); see also 
Benedict and Yamaga (1976) and Bryant (1977) for additional 
information. An outline of immunization schedule includes: 
Day 1 - Initial injection per chicken or rabbit consisted of 
0.2 ml of antigen(s) such as serum, plasma, or purified al­
bumin (40 mg/ml), emulsified in 0.8 ml of 0.9% NaCl and 0.5 
ml of Complete Freund Adjuvant (CFA) in six separate sub­
92
cutaneous locations, three on the medial side of each leg 
(chicken), or 2 on the medial side of each leg (rabbit, 
opossum). [CFA is a mixture of mineral oil, emulsifier and 
killed mycobacteria. It functions to stimulate the immune 
system of the host and to act as a slow releaser of the an­
tigents)]. Day 30 - Booster injection containing 0.2 ml of 
antigens, 0.8 ml of 0.9% NaCl and 0.5 ml of Incomplete 
Freund Adjuvant (ICFA). [ICFA does not contain the killed 
mycobacteria.] The amount of antigens can be reduced if 
quantity is limited as long as the ratios of materials 
remain the same. Day 37, Day 44, and Day 51 - Test bleed­
ings. If needed, booster injection and testing were 
repeated until desired antibody strength was retrieved. 
Previous results (Shoshani et al., 1981) showed that good 
antibody titers were obtained between 7 and 14 days after 
the booster injection.
Usually two hosts (either chickens or rabbits) were 
immunized with the same donor antigens. This is done be­
cause of variations of the hosts as antibody producers in 
response to antigenic determinants on the antigenic 
molecules found in the donor’s serum proteins. The an­
tibodies produced by the host are part of a class of 
proteins called immunoglobulins and the host's serum con­
taining these antibodies is called antiserum. Figure 11 is 
a schematic representation of antiserum production and the 
immunodiffusion experiment, and Table 5 provides a listing 
of antisera employed for studying phylogenetic relationships
Immunization and Immunodiffusion Systematics
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Figure 11. Schematic representation of antiserum production to be used 
sion experiments (see text for details). [Artwork by H. Zydel.]
O uchterlony Plate
in immunodiff
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within the class Mammalia.
B.l.2.4. Immunodi£fusion procedures including computer 
analyses
The ultimate objective of this or any immunodiffusion 
study is to be able to construct a phylogenetic tree for the 
taxa/species examined. To achieve that, the raw immunodif­
fusion data are first converted into antigenic distance 
tables, incorporating two computer files (SPECI listing of 
species tested, and e.g., CHIWHOLE raw data file for chicken 
antisera to whole sera) and one computer program, the IMDFN. 
[Appendix Q includes a protocol of how to run this and other 
computer programs employed in this dissertation.] Each an­
tigenic distance table contains results for a series of 
species compared with one antiserum and lists them in a 
descending order, such that the one that has the closest 
antigenic similarity to the homologous (donor) species is 
listed first and the least related is listed last (see in­
dividual Antigenic Distance Tables under RESULTS). All the 
antigenic distance tables of a particular set of data - 
e.g., all the results from chicken antisera - are then in­
corporated in a subsequent computer program (UWPGM) to 
produce a phylogenetic dendrogram (see under RESULTS). It 
is possible to accommodate more data and a larger number of 
species than originally planned by applying the AJUST and 
grouping programs. Below is a more detailed account for the 
above outline.
The underlying theory and procedures followed in this
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study were thoroughly described by Goodman and Moore (1971), 
Baba et al. (1975), Dene (1976), and Dene et al. (1975). 
Briefly, experiments are conducted using trefoil Ouchterlony 
plates with three wells separated from one another by an 
agar field (wells and agar field are approximately 1.0 by 
1.0 by 0.2 mm). The antiserum is placed in the lower well 
which is equidistant from the other wells. A solution of 
antigen(s) from one species is placed in the upper left well 
and a comparable solution from another species is placed in 
the upper right well. Antigens and antibodies are allowed 
to diffuse in the agar in a dark cabinet free from disturb­
ance for a period of three to four days. Visible precipitin 
lines can be seen in the agar field after the first day. If 
the two antigens being compared are identical with respect 
to those antigenic sites detected by the antiserum, a reac­
tion of identity occurs. This reaction appears as an in­
verted "V". However, a spur develops when an antiserum 
reacts with antigenic sites present on the antigen found in 
one well but not with that found in the other well. A spur 
may also be formed by the homologous (donor) species against 
antigens of heterologous (non-donor) species. The length of 
the spur is an approximate measure of the genetic distance 
between homologous and heterologous species, the larger the 
spur, the greater the difference between the two species. 
When two heterologous species are compared, the one 
phylogenetically closer to the homologous species will yield 
the longer spur against the other (Fig. 12).
R E A C T I O N
I D E N T I T Y
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abcdef A
A h
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A s(A h)
abcdef'k /
H E T E R O L O G O U S  
C O M P A R I S O N
Spur from right Spur from left
H O M O L O G O U S
C O M P A R I S O N
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abcdef
Figure 12. Outline of types of comparisons in trefoil Ouchterlony immunodiffusion 
plates. As(Ah) is the antiserum against the homologous antigen Ah, h being the homologous 
species. The antibodies of As(Ah) are directed against antigenic sites: a, b, c, d, e, 
and f. Aj, Al, and Ar are heterologous antigens for species j, 1, and r respectively. In 
the heterologous comparison on the right, species 1 shares one additional antigenic site 
(f) with the homologous species (h) than species r, and thus it makes a longer and thicker 
spur. This longer and thicker spur provides evidence thatjspecies 1 shares more antigenic 
similarities with species h than species r with h (after Gbodman and Moore, 1971:26).
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When working with antisera against whole sera, there 
are usually a few to several proteins involved, which means 
that so many precipitin lines and possible spurs would be 
observed on the small agar region and it would be more dif­
ficult to interpret than when working with antisera against 
one protein system. This difficulty of interpretation of 
homologous precipitin lines was resolved by conducting each 
experiment in three different dilutions, 1:10, 1:100, 1:200 
(sometimes four and seldom five dilutions). Comparisons in 
three or more dilutions allowed specific precipitin lines in 
the agar field to be observed at their optimum antigen and 
antibody concentrations, and homologous lines could be 
identified from each of the two antigens compared.
Spur sizes are divided arbitrarily into five classes 
from 1 (no spur) to 5 (the longest possible spur observed) 
and the raw data are converted into antigenic distance 
tables by the IMDFN computer program. Reciprocity adjust­
ments (AJUST) and grouping procedures to accommodate more 
data may be employed to produce a dendrogram by the un­
weighted pair-group method with arithmetic averaging (UWPGM) 
of Sokal and Michener (1958). The construction of the 
dendrogram requires the inclusion of several taxonomic dis­
tance tables, each representing a different homologous 
species. The UWPGM dendrograms produced resemble cladograms 
more than phenograms (Moore, 1971). Details of this com­
puter algorithm can be found in Moore and Goodman (1968), 
Goodman and Moore (1971), Baba et al. (1975), and Dene et
98
al. ( 1 9 7 8 ) .
The grouping statements incorporated in this study were 
employed to accommodate more data but careful measures were 
taken to avoid grouping taxa (species and higher categories) 
in a larger categorical ranking unless that grouping is 
generally accepted by most mammalian taxonomists. For ex­
ample, all the artiodactyls were grouped in the order Ar- 
tiodactyla and all the perissodactyls in the order Peris- 
sodactyla. Similarly, all the rodents were grouped in the 
order Rodentia, and rabbits, hares and pikas in the order 
Lagomorpha. However, family members of the order Insec- 
tivora were grouped under separate families, Tenrecidae, 
Erinaceidae, and Soricidae, since these are the largest 
taxonomic units within the order for which most authorities 
are in agreement. Tree shrews were grouped under the order 
Scandentia and elephant shrews under the order Macro- 
scelidea. Whenever possible, more than one blood sample of 
each species, family or order was tested to verify that 
members of the same natural group do indeed react similarly. 
For example, common/captive species of Rodentia, Primates, 
Carnivora, and Artiodactyla were represented by 2-4 samples. 
See Appendix G for list of species and groupings (bold-faced 
taxa) as employed in the IMDFN and UWPGM.
B.1.3. THE RADIOIMMUNOASSAY PROCEDURE (in collaboration 
with Jerold M. Lowenstein)
The radioimmunoassay (RIA) is an extremely sensitive 
solid phase, double antibody technique incorporating im­
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munological principles and enables the investigator to 
measure low concentration of a compound, as low as a 
picomole (10‘12 mole) or even femtomole (10"15 mole) 
(Lowenstein, 1981; Lowenstein, 1985a-b; Lowenstein et al., 
1981). This technique was the method of choice when at­
tempts with the immunodiffusion method were unsuccessful in 
resolving intra-familial relationships within the Elephan- 
tidae and when we had limited material, especially from the 
mammoth ("Dima").
He (with collaboration with Daniel A. Walz) conducted a 
few experiments with the RIA technique but with a limited 
success. The method as applied by Jerold M. Lowenstein 
employs rabbit antiserum as the first and 1-125 labeled goat 
anti-rabbit gamma globulin (GARGG) as the second antibody. 
In the present study we modified this to a triple antibody 
method when chicken antisera were used. In the original 
technique (i) antigen is bound to a plastic microtiter 
plate, (ii) rabbit antiserum is added, and (iii) GARGG is 
added. In the modified technique, (i) antigen is bound as 
before, (ii) chicken antiserum is added, (iii) rabbit an­
tiserum to chicken gamma globulin (RACGG), is combined and 
(iv) GARGG is added. Both the original and modified tech­
niques are capable of detecting nanograms of albumin and 
less than a microgram of collagen (see also Lowenstein et 
al., 1981; Shoshani et al., 1985b).
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B.1.4. THE IMMUNOELECTROPHORESIS PROCEDURE (by Kenneth 
Morrison with the author's collaboration).
The immunoelectrophoresis (IEF) procedure as applied in 
this study is slightly altered from the standard IEF 
described by Ouchterlony and Nilsson (1973), Rose et 
al. (1973), and Freifelder (1976). Generally speaking, IEF 
technique combines two methods, gel electrophoresis followed 
by immunodiffusion (Ouchterlony and Nilsson, 1973). The 
modified procedure used here is called crossed im­
munoelectrophoresis (CIEF), because samples (=antigens) are 
first electrophoresed (EFsd) in one direction and then 
placed within agar-containing-antibodies and EFsd in per­
pendicular (or "crossed") direction as described below and 
depicted diagrammatically in Fig. 64 (Volume II).
The aim of this particular set of experiments was to 
establish whether the clotted blood sample of the extinct 
woolly mammoth (Mammuthus primiqenius, radiocarbon-dated 
40,000 years before present) contains immunogenic elements, 
and whether these elements would react better with antisera 
against tissues of living elephants than with antisera 
against tissues of other mammals. Toward this goal, mammoth 
and elephant samples were prepared (as described in Section 
B.l.1.2. under METHODS) and each was EFsd separately in the 
direction of the horizontal arrows as shown in Fig. 64 A and 
A' for the elephant, to identify the specific precipitin 
lines associated with each sample. Note that in the first 
phase (A) of the experiment the antiserum is not present. 
In A* the antiserum (chicken anti-Elephas maximus whole
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serum) was placed in the troughs along the length o£ the 
slide (not shown).
In the next phase (Fig. 64 B and B') both elephant 
(well 2) and mammoth (well 3) samples were EFsd together on 
one slide in the direction of the horizontal arrows (as in A 
above, the antiserum is not present at this stage), and 
subsequently cross-EFsd in the presence of agar gel con­
taining chicken anti - Elephas maximus whole serum as fol­
lows. First, elephant (Loxodonta africana or Elephas maxi­
mus) and mammoth (Mammuthus primiqenius) samples were EFsd 
using tris barbitol buffer (pH 8.2) at 4 v/cm for 80 minutes 
(Fig. 64B). Second, the agar containing the EFsd elephantid 
samples was carefully transferred from the slide and placed 
in between two agar gels containing antisera against 
elephant (Elephas maximus) whole serum, and the combined 
samples and agar gels (all three gels) were then EFsd at a 
perpendicular direction to the first electrophoresis, using 
tris barbitol buffer (pH 8.8) at 8-10 v/cm for 80 minutes 
(Fig. 64Br). Note that the space between the agar from the 
first electrophoresis and the agar-containing antiserum, was 
filled with hot agar to obtain solid contact between the 
three agar gels.
B.2. OSTEOLOGICAL INVESTIGATIONS 
B.2.1. Major philosophies of systematics
There are three general philosophies embraced by sys- 
tematists: evolutionary or traditional systematics,
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phenetics, and cladistics. These philosophies have more 
aspects in common than they have differences. Followers of 
these philosophies examine the same or similar characters 
and data and they all employ similar methods for analysis; 
but they often differ in the conclusions drawn (Mayr, 1969; 
DeBlase and Martin, 1981).
An evolutionary systematist attempts to classify a 
group of organisms believed to have a common evolutionary 
heritage. Characters examined by her/him are weighted 
(i.e., some characters are considered more important than 
others in determining phylogenetic relationships) and the 
fossil history of that group of organisms plays an important 
role in the final conclusion. The results are presented as 
two dimentional phylograms or phylogenetic dendrograms.
A pheneticist, on the other hand, classifies a group of 
organisms based on their overall similarities. Characters 
are not weighted and the fossil history is not so important 
a criterion as when considered by an evolutionary sys­
tematist. Similarities are depicted as a two-dimentional 
phenogram or a three-dimentional projection {DeBlase and 
Martin, 1981).
A cladist hypothesizes that characters divide into two 
groups: primitive (plesiomorphic) and derived {apomorphic).
The second group is further subdivided into uniquely derived 
for a particular taxon (autapomorphic) and shared-derived by 
two or more taxa (synapomorphic), plus convergent similar 
characters = "noise". Those characters that are thought to
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be shared-primitive by two or more taxa are called 
symplesiomorphies (see Hennig, 1965, 1981). Only
hypothetically synapomorphic characters are used to indicate 
close phylogenetic relationships and to draw cladograms (the 
branching arrangements of taxa examined). Classification 
schemes based on these cladograms are arranged such that 
each branch/node on the cladogram represents one category in 
classification (e.g. phylum, class or a species). Thus,
when such cladograms depict multiple branches within a known
taxon, the cladist will usually create new categories to 
embrace the newly formed taxa (see McKenna, 1975 for ex­
amples). One way out of "...this proliferation of names and 
ranks...", is to list new taxa, which are known only or 
mostly form fossils, in the order of their branching se­
quence ("sequencing" in short) [Patterson and Rosen, 1977; 
Wiley, 1979; Nelson and Platnick, 1981; see also Nelson, 
1974].
As in every phylogenetic reconstruction, similarities 
between sister groups (the two taxa resulting from each 
bifurcation of a phylogeny) due to convergence are possible, 
but according to DeBlase and Martin (1981:84-85); "...the 
principle of parsimony makes the probability of synapomorphy 
outweigh the probability of convergence." This is true most 
of the time but not in all cases.
The Maximum Parsimony approaches employed in the 
present study for the analysis of the osteological charac­
ters include certain aspects from each of the three
104
philosophies described above, and thus it may be considered 
a syncretistic approach. Sections B.2.5. and below B.2.6. 
provide detail descriptions.
B.2.2. What is a good taxonomic character?
According to Simpson {1962:499) "good" taxonomic 
characters are "...readily observable characters that are 
believed to be fairly constant within taxa but different 
between taxa at any pertinent level." The key words in the 
above definition are "fairly constant", a condition which is 
not easily delineated.
Students of animal taxonomy and evolutionary biology 
from the Linnaean Period to the beginning of this century 
classified organisms according to their definition of 
"fairly constant" characters. As we know today, some of 
these early classifications turned out to be based on 
homoplastic rather than homological similarities, e.g., the 
inclusion of sirenian species with the Pinnipedia and/or the 
Cetacea based on fusiform shape of body and habitat, and the 
classification of the aardvark with the edentates based on 
dietary habits {see Table 1, columns 6, 7 and 13, respec­
tively). At a later stage of evolutionary biology, i.e., 
from the Gregory Period to the present, students have ap­
proached this problem from the opposite end; that is, they 
have studied existing classifications that produce natural 
groupings and looked for those characters which delimit such 
natural groups (Mayr, 1969). Indeed, this approach has been
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expanded to include not only classifications that produce 
natural groupings, but also taxa whose taxonomic positions 
are uncertain but somehow related to the group in question 
(e.g., the relationship of the tree shrews to the primates). 
Distantly related taxa are included in the comparison; they 
are called outgroups (Hecht and Edwards, 1977).
Since the 1970's, the meaning of a good character be­
came to be almost synonymous with the weight given to a 
particular character (e.g., Hecht, 1976; Hecht and Edwards, 
1976, 1977), even though not exactly so stated in the
literature (e.g., Eldredge and Cracraft, 1980). The 
weighting given to a character is based on the degree to 
which that character is conservative. A deviation from this 
conservative state produces "unique and/or innovative" con­
ditions (most weight, group V) or variables and has "minimal 
state information" (least weight, group I), as defined by 
Hecht and Edwards (1977) and Marshall (1977). Another 
weighting system ("good" vs. "bad") is commonly used for 
non-adaptive vs. adaptive features, respectively. The 
adaptive or functional features are said to be more likely 
to represent convergences or parallelisms than non-adaptive 
features. Eldredge and Cracraft (1980) argue, however, 
that; "Because the function of a structure is assumed to be 
'understood' is no reason to assume that it evolved more 
than once". I concur with this view and believe that there 
is much evidence to support it.
In my opinion, there is no sure way of telling between
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adaptive (functional) versus non-adaptive features. Every 
structure, be it a process or a foramen, when examined
carefully, will exhibit some degree of the related function;
otherwise it would not have developed to begin with. If 
this assumption is true, it follows that structures (from 
here on synonymous with characters) which evolved in a par­
ticular species or lineage, whether functional in nature or 
not, are inseparable features of the evolutionary history of 
that lineage. Yet, when two lineages develop similar fea­
tures [e.g., characters related to myrmecophagous adapta­
tions in Myrmecophaqa tridactyla (Mammalia, Theria, 
Eutheria, Edentata) and in Tachyqlossus aculeatus (Mammalia, 
Prototheria, Monotremata)], these features may display true 
convergence, as is the case with this example; but evidence 
from other sets of characters outweigh this convergence and 
depict the true relationship between these species.
The approach taken in this study in evaluating a par­
ticular character or suite of characters, is to examine it/ 
them iji totality. That is, presence or absence, size, 
location, which bones contribute to it, and what passes 
through it or attaches to it. Whenever possible, on­
togenetic and phylogenetic development of a character in a
lineage were investigated by examining specimens of fetuses, 
young, adults, different sexes, and different populations. 
The combined aspects of each character and the various 
angles at which each character can be viewed make it very 
complex, and at times close to impossible, to determine its
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function with certainty. For these reasons, I completely 
ignored, for the time being, the function of the charac­
ters) in question and assumed that all characters are of 
equal weight.
From the above brief discussion it follows that a good 
taxonomic character may be defined as a character that is 
unique and shared by a group of organisms (synapomorphic in 
Hennigian terms) by reason of descent from a common ancestor 
possessing it, regardless of its function or its importance 
(the weight as defined by Hecht, 1976) in the evolutionary 
history of this group of organisms. The example given below 
will illustrate this point.
CATEGORY 
Kingdom 
Phylum 
Subphylum 
Class
Order
TAXON 
Animalia 
Chordata 
Vertebrata 
Mammalia
Proboscidea
A GOOD (UNIQUE) CHARACTER
Cells without cell walls
Dorsal, hollow nerve cord
Segmented vertebral column
Dentary-squamosal
articulation in skull
Extensive pneumatization 
of cranial bones
Family
Genus and 
Spec ies
Elephantidae
Loxodonta 
africana
High domed skulls
Stylohyoideum with a 
posterior ramus
B.2.3. Sets of characters examined
The osteological characters examined in this study were 
divided into two major categories, those examined on taxa 
within the class Mammalia (especially among paenungulate 
taxa) and those examined on taxa within the order Probos-
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cidea (especially among the Elephantidae). Characters were 
examined on disarticulated bones and on mounted skeletons. 
Of the 182 characters studied, 80 included foramina and 
other skull openings. All the characters examined in this 
study are non-dental.
Dentition was avoided for two main reasons: (1) dental 
features of certain mammals are lacking (e.g., some eden­
tates) or are unique among mammals (e.g., aardvark, Oryc- 
teropus afer), and, therefore, do not reveal much about 
their phylogenetic position, and (2) dental characters of 
mammals have been studied extensively and there is a need 
for independent evidence.
The main concern in the examination of osteological 
characters has been that characters examined in different 
species are homologous. Characters were carefully studied 
and compared among individuals of the same species and among 
different species. Character-state polarity was determined 
as proposed by Hecht and Edwards (1977) and Novacek (1985a). 
In the vast majority of cases, at least three specimens per 
species were examined: juvenile, sub-adult, and adult.
Specimens of fetuses, males, females, and wild as well as 
captive individuals were included whenever available. When 
a character proved to be variable, at least 7 more specimens 
were examined. A few rare species were represented only by 
one or two specimens. The examination of a few or several 
specimens per species was particularly important when 
studying cranial foramina in Mammalia, where crania of young
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animals (or fetuses) were compared to those of adults be- 
cause it was not always possible to delineate the particular 
bones forming a specific foramen in the fused bones of adult 
specimens.
Size and adult weight of members of a species were also 
a consideration when selecting taxa for examination. Thus, 
representatives of the smallest mammals (shrews) as well as 
the largest mammals (proboscideans and perissodactyls) were 
included in the analyses to test the hypothesis that size 
and weight, as well as phylogenetic affinities, may in­
fluence characters such as patterns of bone articulation and 
numbers of ribs.
When studying foramina characters, crania and man- 
dibulae of all the species were examined with the naked eye 
or with a magnifying glass to determine the presence or ab­
sence of a foramen or a particular feature from a prepared 
list of characters. A 10-power magnifying glass was usually 
sufficient for examination of small skulls, and a microscope 
was used when needed. An effort was made to look at sec­
tioned or broken crania in order to have a view from within 
the brain cavity and to be able to trace the course of a 
foramen or a canal with a bristle or a fine wire. Color- 
coded telephone wires were excellent aids in tracing the 
course of the cranial nerves, particularly in crania where 
foramina and/or canals are confluent. Figures 13-17 il­
lustrate some of the characters examined in this study.
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Figure 13. A skeleton of a mammal (aardvark, Orycteropus afer erikssoni. order
Tubulidentata, AMNH No. 51375) depicting major features examined during this study 
(photograph by J. Shoshani, artwork by J. S. Grimes).
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Figure 14. Ventral (top) and dorsal (bottom, roof removed) 
views of crania of Canis familiar is (domestic dog), depict­
ing foramina. Numbers correspond to names in Fig. 17 [after 
Adams and Eddy, 1949:174, 176; cf. Fig. 68].
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Figure 15. Lateral view of cranium of Canis familiari s 
depicting foramina. Numbers correspond to names in Fig. 17 
[after Adams and Eddy, 1949:174; cf. Fig. 69].
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Figure 16. Lateral view of skull of Canis latrans (wolf) 
depicting cranial nerves, foramina, and other structures 
(after Hildebrand, 1974:154-155).
1X3
FO RA M IN A  O F T H E  DOG SK I LL
Foram en Bones concerned S tructure transm itted
1. Infraorb ita l canal Maxilla V1 branch of V
2. Lacrim al Lacrimul bone Naso-lacrimal duct
3. Sphenopalatine Palatine Sphenopulatine nerve and 
artery
4. Posterior palatine Palatine Palatine nerve and artery
5. E thm oid Frontal Ethm oid brunch of V1
6. O ptic O rbitosphcnoid O ptic trac t
7. Sphenoidal (Orbital 
Assure)
Between orbito-, ali-, 
and busisphenoid
Nerves I I I , IV, V , VI
8. A nterior pterygoid Ali- und busisphenoid M axillary brunch or V1
8* U otundum Busisphenoid M axillary branch or V* ou t­
let of external carotid
9. Posterior pterygoid Alisphcnoid Externul carotid
10. Ovale Alisphenoid V* of trigeminus
11. Posterior glenoid Squam ous portion of Vein from the transverse
tem poral sinus of meninges
12. E xternal auditory Bulla of tem poral Inlet to  tym panum  of ear
m cutus
12* In ternal auditory  
m eatus
Petrous portion of 
tem poral
Nerves V II and V III
13. Eustachian Between bulla and ali­
sphenoid
Tuba auditiva
14. Cnrotid Through tem poral ven­
tra l to bulla
Loop of the internal carotid 
extends into this foramen
IS. Stylom astoid Between tcmpornl and 
basioccipital
Exit of VII
16. Incisive - Between maxilla and 
premaxilla
Connects with Jacobson’s 
organ, transm its mvso- 
palatinc nerve. Stenson’s 
duct, and palatine nerve
17. A nterior palatine Between maxilla und 
palatine
Palatine nerve
18. Jugular Between bulla and Nerves IX, X, X I. internal
husioccipitul carotid, veins from the 
meningeal sinus
19. Hypoglossal ( lecipital bone Nerve X II
20. Foram en magnum Occipital bone .Spinal cord, veins and a r­
teries from brain ease
21. C ondylar cnnul Occipital bone C ondylar vein from men­
inges
22. M andibular M andible V3 anil blond vessels
23. M ental M andible Branch of V3 to  chin und 
bluud vessels
Figure 17. Skull foramina of Canis familiaris and struc­
tures transmitted through them Cafter Adams and Eddy, 
1949:173). [See also Wahlert, 1974:370-371 for other
foramina.]
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A total of 182 non-dental osteological characters was 
examined on 100 species (in the final analysis), represent­
ing 28 orders, 26 of which are mammals (Reptilia and mammal­
like reptiles are employed as outgroups). Of the 182 
characters studied, 80 included foramina and other skull 
openings.
B.2.4. Number of species examined
Selection of species (detailed below) was guided by the 
following criteria whenever possible: (1) select the most 
primitive representative of a taxon, (2) include a divergent 
member of that taxon, (3) include an intermediate (between 
the two extremes) member of that taxon, (4) include a con­
troversial species or a species whose taxonomic position is 
undetermined, (5) choose an outgroup taxon or taxa.
The latter, "outgroup taxa", is preferable over "out­
group taxon" because one taxon may share some key characters 
with the ingroup and thus would not help in the rooting of 
the ingroup tree. Two or more outgroup species (but not to 
exceed the number of the ingroup species) would suffice, 
because they would set apart the ingroup, i.e., root it. 
Additionally, an outgroup, although it has to be taxonomi- 
cally different from the ingroup, must be phylogenetically 
closely related to the ingroup, otherwise the comparison is 
meaningless (Maddison et al., 1984; McKenna, pers. comm., 
1986; see also Section B.l.2.2. under METHODS). For ex­
ample, when studying the relationships within the infraclass 
Eutheria (the ingroup), the outgroup may include Mar-
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supialia, Monotremata, Cynodontia and Reptilia (listed in 
order of close relationships to Eutheria as given by
Simpson, 1945, and Romer, 1966). McKenna (pers. comm., 
1986) believes that members of Edentata should be compared 
as an outgroup to most other Eutheria because Edentata is 
the most ancient branch of the infraclass Eutheria (Gregory, 
1910; McKenna, 1975). In this study both approaches were 
tested, even though the final mammalian tree shows Cynodon­
tia and Reptilia as outgroups (more under DISCUSSION).
A total of 244 species was examined in this study. Of 
these, 9 were reptiles [N=5 for Reptilia sensu strictu, and 
N=4 reptile-like mammals] and the rest were "true" mammals 
(N=234). The 234 mammalian species represent 28 orders, 8 
of which are extinct. However, since the number of species 
that can be analyzed by the Michigan version of PAUP 
(phylogenetic analysis using parsimony) is limited, only 100 
of the total 244 species were incorporated in the final 
analyses. These 100 species (see "+" sign to the left of
taxa in Appendix L) represent 28 vertebrate orders, 26 of
which are mammals; Reptilia and mammal-like reptiles are
employed as outgroups. Reduction in the number of species 
was done following these general guidelines: (a) keep only 
one species per genus, family, or superfamily, unless other 
samples have very different data, (b) employ a representa­
tive that would typify a taxon, i.e., the most primitive 
member of that taxon, and (c) remove species with extensive 
missing data, unless these are important species. For ex-
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ample, only 1 out of 4 species of Can is and 16 out of 54 
rodent species were kept (see Appendix L). The 16 species 
of rodents represent each of Simpson's (1945) 15 super­
families as well as the enigmatic species Pedetes capensis. 
Because of missing data, Condylarthra is a union of three 
extinct genera (Phenacodus, Arctocyon, and Mesonyx). Ap­
pendix L includes a complete listing of the taxa examined, 
and also indicates which are the 100 species included in
final analysis ("+" to the left of a taxon).
Among the mammalian orders studied, Rodentia is, by 
far, the most represented (54 out of 234 species: see Ap­
pendix M). This large number of rodent species is due to
the author's participation in the NATO symposium on evolu­
tionary relationships among rodents (Shoshani, 1985a). The 
54 rodents represent 34 out of the 35 extant families listed 
by Honacki et al. (1982). The paenungulate orders Probos­
cides, Sirenia, Hyracoidea, and Tubulidentata are 
represented by 11, 7, 4, and 2 species, respectively (see
Appendices L and N).
The vast majority of the species examined in this study 
are extant. Skulls of some extinct species were avoided 
because they were often fragmented, incomplete and not fully 
prepared, and, therefore, delineations of bones and foramina 
were not possible. For these reasons, some of the features 
on the skulls of the extinct species included in this study 
had to be determined from the literature (e.g., Romer, 1956, 
1966, 1968; Kemp, 1982 and references therein), yet other
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features remained unresolved.
B.2.5. Coding the characters
Since the osteological data were to be analyzed by a 
program initially written for amino acid sequence data 
(Goodman et al., 1982) and by Swofford's (1984) program, 
mostly used for morphological characters, there was a need 
to employ letter codes that would suit the formats of both 
programs and yet would not bias the results. For binary 
coding, letters Y and N were used, while for unordered 
multistate characters up to four letters were used: Y, N, D, 
and H. These letters represent a single evolutionary change 
from any one state to any other (Goodman et al., 1982). [In 
reality, as applied in Goodman et al's. (1982) computer 
analyses, Y stands for Tyrosine and its genetic code is UAU 
or UAC, N stands for Asparagine and its genetic code is AAU 
or AAC, D stands for Aspartic acid and its genetic code is 
GAU or GAC, and H stands for Histidine and its genetic code 
is CAU or CAC; see also Dayhoff (1972).]
In a few cases when the polarity of a character could 
be determined from the literature, a system of two or more 
columns was used to show that polarity. For example, 
character states a = NN, b = NY, and c = YY would imply a 
possible transformation series of a — > b — > c. Alterna­
tively, it could also imply a <—  b — > c, or a <-- b <—  c, 
depending on the position of the outgroup taxa in relation 
to the ingroup taxa possessing a specific character state.
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In Swofford's (1984) program, ordered and unordered charac­
ters are specified. Table 52 and Appendix L include data on 
characters.
Functional (adaptive) features were not incorporated in 
the final analysis because, in my opinion, it is not pos­
sible to determine with certainty which are adaptive and 
which are non-adaptive features (see also a short discussion 
in Section B.2.2. entitled "What is a good taxonomic 
character?"). In this evaluation no weighting of characters 
was employed, except for those cases when the polarity of a 
character was established in the literature (see above).
Evaluation of characters to determine whether or not 
they are shared-primitive (symplesiomorphic) or shared- 
derived (synapomorphic) for certain taxa was accomplished 
per the recommendations of E. Manning and M. C. McKenna 
(pers. comms.) at the American Museum of Natural History, 
and the discussions of Marshall (1977), Hecht and Edwards 
(1977), and Novacek (1985a).
B.2.5.1. Examples
When examining the astragali of the Mammalia for the 
presence or absence of the astragalar foramen [character 
No. 6 under branch n in Table 33 (Section C.1.1. under 
RESULTS)], a letter "Y" (for "Yes") was given to a par­
ticular taxon whose astragalus possessed such a foramen or 
"N" (for "No") when this foramen was absent. The rationale 
for determining the polarity of this character is as fol­
119
lows. Since many basal forms of Eutheria (e.g., some in- 
sectivores, carnivores, condylarths, condylarth derivatives, 
and tubulidentates) possess this foramen, it is assumed that 
the presence of the astragalar foramen is the primitive 
condition for Eutheria and its absence is the derived con­
dition for Eutheria. It is important to keep in mind that 
the polarity of this character may or may not be the same as 
just discussed once the total number of characters and taxa 
are analyzed by the Maximum Parsimony computer program; the 
overall character distribution of all taxa and the consis­
tency of a character within a taxon will influence the 
polarity of that character. Nevertheless, in most cases for 
a binary coding (e.g., Y vs. N) there is no problem in ap­
plying the Maximum Parsimony Method because the algorithm is 
written such that the primitive state of a character is 
determined by the prevalence of that condition for a par­
ticular character (one column in a data file). That is, if 
90 out of 100 species examined have 5 metacarpal bones and 
10 have less than that (4 or 3 metacarpals) then the condi­
tion of 5 metacarpal bones is primitive and less than that 
is/are a derived condition. However, there are some 
problems with this approach that will be discussed later.
A simple example of a character displaying a multistate 
condition is the number of thoracic vertebrae and conse­
quently the number of pairs of ribs possessed by a mammalian 
or other vertebrate species (characters h8, m3, and q4 in 
Table 33). A review of this character in vertebrate taxa
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from Amphibia to Reptilia and to Mammalia shows that the 
early vertebrates had larger numbers of pairs of ribs than 
more advanced ones (Romer, 1968; Colbert, 1982; Young,
1981). Snakes, for example, have pairs of ribs on the cer­
vical region and along most of the spinal column. Among the 
mammalian orders, the number of pairs of ribs ranges from 22 
pairs to 11 pairs. Based on fossil (Romer, 1966) and modern 
morphological (Anderson and Jones, 1984) evidence, the 
general trend within Mammalia is for the number of pairs of 
ribs to decrease from early to more advanced and/or diver­
gent mammals.
Keeping this trend in mind, the investigator may follow 
one of two systems for coding (there are other ways, but 
they are more complex). In the first method, the inves­
tigator may assign letters A through K, one letter for each 
of those groups of mammals that had a particular number of 
ribs: letter A for mammals with 21 pairs of ribs, B for
mammals with 20 pairs of ribs ..., and K for mammals with 11 
pairs. Alternatively, the investigator may choose to divide 
the 11 character/categories (A through K) into fewer groups 
depending on the distribution of the number of pairs of 
ribs.
Of course, there still remains the problem of 
homologies, for it is not the number of ribs that matters, 
but whether the remaining pairs of ribs are homologous. 
Based on the available data, it is not possible to determine 
with certainty whether or not, in two animals having an
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identical number of ribs, these ribs are homologous. Keep­
ing that in mind, if out of 100, only two species have 11
pairs of ribs, eight have 12 pairs, ten have 13 pairs, 75
species have 14-17 pairs, and the rest have 18-21 pairs of
ribs, one way to group them is: group A - mammals with 18-
21 pairs of ribs, group B - mammals with 14-17 pairs of 
ribs, and group C - mammals with 11-13 pairs of ribs. Of 
course each of these two systems of coding has its ad­
vantages and disadvantages. I chose the second system 
(fewer groupings) for three main reasons: (1) because of 
variations within species (i.e., individuals of the same 
species have different number of ribs, e.g., 14 or 15, and, 
rarely, 14, 15, or 16); (2) because it does not give much 
weight to each of the 11 categories; (3) because it
simplifies procedures 10 times.
Let me expand on this complex character because it 
would help to better understand the processes involved in 
coding other characters. For a multistate character such as 
the number of pairs of ribs as given above, the only pos­
sible correct statement that can be made is that based on 
fossil and morphological evidence among the mammals ex­
amined, the largest number of pairs of ribs is the most 
primitive condition. Beyond that there is no way of telling 
whether the condition of 15 pairs of ribs is derived 
directly from 21 pairs of ribs or any other condition. For 
these reasons the coding system was chosen to reflect a one- 
step difference among all character states and subsequently
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the primitive condition. One thought must be kept in mind: 
when the polarity of a character is known, it should be 
reflected in the coding because it provides the maximum in­
formation.
Examples given so far have included relatively easy and 
clearly defined characters. For some characters, however, 
the polarities could not be easily determined and required 
thorough examinations and extensive comparisons. A good 
example for such a character is character i2 and r3 in Table 
33 [see Section C.1.1. under RESULTS; see also Fig. 51 in 
Section C.3.3.2. under DISCUSSION], Examination of this 
character in the skulls of Mammalia, Therapsida, Reptilia, 
and Amphibia revealed that the primitive condition of the 
character is when the foramen magnum is formed by the 
basioccipital, exoccipitals and the supraoccipital bones 
(Fig. 51A). Figures 109 and 151 on pages 81 and 105, 
respectively, in Romer (1966) and Fig. 168 on page 186 in 
Romer (1971) depict this condition. Further examination of 
this character and comparisons among mammalian taxa led the 
author to conclude that the following sequence of letters 
possibly depicts the evolution of this character best: (A)
— > (B) and (A) — > (C) (see Fig. 51.).
To summarize this section - simple characters were 
coded in a binary method (Y or N) and complex multistate 
characters were coded in four letters Y, N, D, and H, using 
the groupings of the character states based on character 
distribution (see details above, and Table 6).
Table 6. An example of a multistate character: number of thoracic vertebrae (and subse­
quent number of pairs of ribs) and possible coding system in the class Mammalia.
Taxon, for example
No. of 
pairs of 
ribs
Letter
desig­
nation
Grouping 
as employed 
in this study (*)
Loxodonta africana 21 A Y
Gomphotherium productum 20 B Y
Rhinoceros unicornis 19 C Y
Hippidion neoqaneum 18 D N
Titanotherium (robustum) 17 E N
Balaenoptera musculus 16 F D
Phenacodus primaevus 15 G D
Giraffa Camelopardalis 14 H D
Canis familiaris 13 I H
Homo sapiens 12 J H
Dasypus novemcinctus 11 K H
1. The letters Y, N, D, and H were used because in the Maximum Parsimony Program analyzed 
by Goodman et al. (1982) such coding represents one step difference among these let­
ters. The same effect can be achieved if the investigator applies the unordered option 
in Swofford's PAUP (1984) Program (see text for details).
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B.2.6. Computer analysis
*
B.2.6.1. Maximum Parsimony: General
The maximum parsimony (MP) principle has been con­
sidered the most effective tool for constructing 
phylogenetic trees (Fitch, 1971; Farris, 1972, 1983;
Czelusniak et al., 1982; Goodman et al., 1982; Cracraft, 
1985). The amino acid sequence data discussed in this dis­
sertation were analyzed by the MP program of Goodman et 
al. (1982). The osteological data collected were analyzed 
by two different MP programs (Goodman et al., 1982; Swof- 
ford, 1984) in order to reply to criticism directed against 
the Goodman et al. (1982) program initially written for 
analyzing amino acid sequences (Moore, 1976) and to compare 
the similarities and differences between them. Below are 
outlines of these computer programs.
B.2.6.2. Maximum Parsimony after Goodman et al., 1982
Goodman's Maximum Parsimony Method (hereafter called 
the GMPM) is employed principally to analyze sequence data 
and yields trees with the fewest number of steps from the 
ancestral to the descendant nodes. This method minimizes 
parallel and back mutations and thus maximizes the 
similarities among them arising from common ancestry. The 
GMPM includes: (1) production of a matrix of minimum muta­
tion distances from data (following the procedure of Fitch 
and Margoliash [1967]), (2) construction of unbiased start­
ing trees from this distance matrix (one by the unweighted
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pair group method of Sokal and Michener [1958] and another 
by the distance Wagner tree of Farris [1972]), and (3) 
branch-swapping in search of a parsimonious phylogenetic 
solution, using a dendrogram in (2) as a starting point.
This most parsimonious solution is reached by perform­
ing a branch swapping on either of the starting trees as 
described in Moore et al. (1973), Moore (1976) and Goodman 
et al. (1975, 1979). In this algorithm the original file of 
sequences is incorporated into an initial tree and its 
length (the number of steps from a hypothetical ancestor at 
the root of the tree to the contemporary species) is then 
calculated. This is followed by the branch swapping 
procedure which takes two interior points of a tree and ex­
changes the branches between them, a single step at a time. 
One complete round of branch swap is reached when all pos­
sible "nearest-neighbor single-step changes" on a given 
topology are subjected to all possible swaps. Moore 
(1976:131) calculated that for every given phylogram con­
taining n contemporary species, there are 2(n-3) new 
topologies. In this manner of branch swapping, every com­
plete round produces a tree or a number of trees with the 
fewest steps or with the lowest Evolutionary Changes (EC) or 
Nucleotide Replacements (NR) as used by Goodman et 
al. (1982). That tree with the lowest EC length is employed 
as a starting tree for the next round of branch swapping, a 
process which continues until it reaches a "local minimum".
According to Goodman et al. (1979, 1982, 1985), the
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tree with the lowest EC derived by the branch swapping of 
the GMPM contains fewer branching errors than the trees 
produced by the unweighted pair group method of Sokal and 
Michener (1958) and the distance Wagner tree of Farris 
(1972). However, when this MP tree is compared to 
phylogenies strongly supported by other evidence, it may be 
found to be different from these phylogenies for the same 
species under consideration. For example, de Jong (1982) 
found that when using the GMPM on data from amino acid se­
quences of eye lens alpha-crystallin A, the results obtained 
(the lowest NR tree) grouped the chicken (class Aves) and 
the tegu (class Reptilia) together as one taxon and subse­
quently joined the marsupial mammals to them, while the 
eutherian mammals turned out to be a sister-group to this 
newly formed branch of chicken-tegu-marsupials (see Fig. 13, 
p. 105 in de Jong, 1982). Obviously, this phylogeny con­
tradicts accepted vertebrate phylogeny, where marsupials and 
eutherian mammals are known to share more recent ancestry 
with each other than either with Aves and/or Reptilia 
(Romer, 1966; Colbert, 1982; Young, 1981). This contradic­
tion required explanation, and a search for an alternative 
solution was sought.
There are three possible explanations for the dif­
ferences between the observed and accepted phylogenies. The 
first possibility for an incorrect clustering of species may 
be due to excessive accumulation of convergent similarity 
among the amino acids (or osteological character states in
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this study) for the species in question. Secondly, not 
enough species were examined (in the above example only two 
marsupials and one bird were examined) and thus may con­
tribute to inaccurate phylogenies. Alternatively, the dif­
ferences between an observed (gene) phylogeny and an ac­
cepted species phylogeny may be a real difference (papers in 
Goodman et al. 1976, Goodman, 1982; and Goodman et al.,
1982).
On the genome level, an explanation for these dif­
ferences (possible convergence or real difference) can be 
attributed to accumulation of gene duplication (GD) and gene 
expression (GE). Both of these (GD and GE) can be calcu­
lated. The number of GD's is postulated to be equal to the 
number of splittings of gene lineages before species 
phylogeny occurred, and the number of the GE's is several 
times larger than that (Goodman et al., 1979). Goodman et 
al. (1979, 1982) postulated that since GD's always precedes 
the splitting of the corresponding species lineages, it is 
therefore possible to fit gene lineages with their species 
lineages. The numbers of GD's and GE's are accounted for 
when performing the modified/expanded GMPM of Goodman et 
al. (1982). Thus, the most parsimonious solution turns out 
to be the tree with the fewest number of genetic changes for 
the data examined; in other words, the tree with the lowest 
NR+GD+GE count.
Yet another step may be taken to minimize a possible 
contradiction between gene phylogeny and accepted phylogeny.
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This is done by designating a certain portion of the total 
tree as a monophyletic taxon [e.g., an asterisk (*) desig­
nates all members of the class Mammalia as a monophyletic 
group within the subphylum Vertebrata], and subjecting the 
total tree to a modified branch swapping of the GMPM. In 
this example the modified GMPM (Appendix 1-E in Goodman et 
al., 1979) permits branch swapping for all undesignated 
branches within the class Mammalia but prevents branch ex­
change across the class Mammalia. Stated otherwise, members 
of the class Mammalia cannot be grouped with members of the 
class Aves or members of the class Reptilia and vice versa 
(assuming that Aves and Reptilia each also be designated 
with *).
This procedure was followed, for example, by de Jong 
(1982) when he studied the phylogenetic relationships within 
the class Mammalia and compared them to other classes within 
the subphylum Vertebrata. Raw data employed were amino acid 
sequences from eye lens alpha-crystallin A protein. In the 
previous example given (see above) the chicken and tegu were 
grouped with marsupials. However, when the modified GMPM 
was applied (an * was placed at the splitting point between 
mammalian subclasses Eutheria and Marsupialia), the result­
ing tree clustered Eutheria with Marsupialia as one taxon 
and the chicken (class Aves) and tegu (class Reptilia) in 
another, and subsequently joined these two new taxa 
together. This last tree was biologically more "acceptable" 
than the previous one but it cost two additional NR's (com­
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pare figures 13 and 15 in de Jong et al., 1982, pages 105 
and 107 respectively).
Of course, as with every other experiment, one method 
to decrease the similarities among species due to conver­
gence and parallel evolution is to increase the number of 
species compared and the number of characters examined. In 
the above example, had the number of species been increased 
in the subclass Marsupialia (only 2 species were examined) 
and in the class Aves (only 1 species was examined), it 
might not have been necessary to employ the modified GMPM.
To summarize, the various suggested steps in analyzing 
a particular set of data in the modified/expanded GMPM are:
1. Enter the raw data into a sequence file in the recom­
mended format.
2. Produce a distance matrix from these data following the 
procedure of Fitch and Margoliash (1967).
3. Construct a dendrogram or a tree from this distance 
matrix to be used as a starting point in search of a 
parsimonious solution. This can be done in 2 ways: a) by 
the unweighted pair group algorithm of Sokal and Michener 
(1958), or b) by the distance Wagner tree algorithm of 
Farris (1972).
4. Perform the Maximum Parsimony branch swapping algorithm 
as described by Moore (1976) and Goodman et al. (1982), 
to find a tree with the lowest NR+GD+GE score. The input 
for this run includes the sequence file (step 1) and the 
most parsimonious of the trees produced in step 3.
5. Test different hypotheses (by moving a whole branch or 
sub-branch from one part of a tree to another and subject 
the new tree to the Maximum Parsimony branch swapping) 
and record the lowest score.
6. Compare the observed results with known and strongly 
supported phylogenies of the species examined. Should 
there be a contradiction between the two trees, apply the 
modified/expanded GMPM (Appendix 1-E in Goodman et al., 
1979) to prevent branch swapping across a root of a sub­
tree within the total tree.
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7. Increase the number of species and characters included in 
the comparison to reduce the possibilities of 
similarities due to convergence and parallel evolution.
8. Repeat steps 5-7 if needed. [See also Appendix Q.]
B.2.6.3. Phylogenetic analysis using parsimony (PAUP) 
after Swofford, 1984
The PAUP program is employed to infer phylogenetic 
trees following the principle of MP; thus homoplasy (con­
vergent evolution, parallel evolution, and backmutations) is 
minimized. PAUP can be used to estimate Wagner trees; 
however, unlike the Wagner program (see Farris, 1970, on 
Wagner trees), PAUP can treat unordered as well as ordered 
characters, that is, multistate characters may or may not 
exhibit directionality of evolution.
Data file in PAUP is easy to prepare following in­
structions in Swofford1s (1984) Users Manual under 
"Parameters", "Symbols", and "Data" statements (for this 
reason, this section is not broken down as the previous one; 
the Users Manual provides step-by-step instructions, see 
also Appendix Q). Character states symbols can be either 
alphabetic or numeric and may be coded as ordered or unor­
dered. That is, a particular multistate character (one 
column in a data file) can be coded as though the direc­
tionality of evolution, or the transformation series is 
known (ordered) or not known (unordered), A data file can 
include mixed ordered and unorderd characters because 
characters are assumed to be independent, and analyses 
(stepwise addition of taxa and branch swapping) are not af­
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fected by this mixing. An unordered multistate character 
has no a priori transformation series and thus is preferred 
in most cases, but if the transformation series has 
generally been accepted, the command "ordered" should be 
used instead (see also explanation under Maximum Parsimony 
of Goodman et al., 1982).
Other options available in PAUP include rooting of a 
tree (by an outgroup) and listing of synapomorphies. An 
important option available is that branch-swapping can be 
performed both locally or globally. The Global Mulpars 
(multiple equally parsimonious solutions) is by far the most 
powerful branch-swapping combination. In this option, the 
branch-swapping is performed on the shortest tree, and if 
there are multiple equally parsimonious solutions, they are 
kept in memory and re-tested in search of more parsimonious 
topologies. The Global Mulpars option, according to Swof­
ford (1984), "...reduces the problem of entrapment in local 
optima." Swapping and rearrangement of one of the equally 
parsimonious trees may lead, upon further rearrangement, to 
a still shorter tree. In this study, the osteological data 
were analyzed with the options "Mulpars" and "unordered 
all." The PAUP has also been employed to analyze data on 
gastropods (Davis et al., 1984), insects (DeVries et al., 
1985), birds (Cracraft, 1985), and frogs (Miyamoto, 1986).
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IV. R E S U L T S
A. RESULTS OBTAINED FROM IMMUNODIFFUSION 
A.I. GENERAL
Immunodiffusion results presented here are based on 
comparisons of blood samples (=antigens) from 101 mammalian 
species, representing 22 mammalian families and orders (see 
Table 4 and Appendix G for listing of species). A total of 
484 immunodiffusion comparisons was conducted with antisera 
to whole sera and an additional 806 comparisons with an­
tisera to purified albumin (see Table 5 for listing of an­
tisera). Each comparison with antisera to whole sera was 
usually carried out in three different dilutions (sometimes 
more) of the antigen mixtures, giving a total of 2,258 com­
parisons .
Results obtained with chicken antisera against purified 
albumin are presented before the results obtained with 
chicken antisera against whole serum because of the respec­
tive relatively simple to complex system involved. Because 
only one protein (albumin) was injected into the chicken(s), 
only one precipitin line from each test antigen would be 
visible, and, thus, it was easy to detect the direction of 
the spur, should it be formed (see for example Figs. 12, 18 
and 19G-19L, 20-22 in Section A.2.3.). On the other hand, 
with chicken antisera to whole serum, there are usually a 
few to several precipitin lines observed, interpretation is 
sometimes difficult, and there is a need to conduct the ex­
periments in at least three dilutions (see Section B.1.2.
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under METHODS for details).
Data incorporated in the 14 albumin Antigenic Distance 
Tables were obtained in three different ways: (1) test an­
tigens compared with chicken antisera against purified al­
bumins, (2) purified albumins compared with chicken antisera 
against whole sera, and (3) precipitin lines which iden­
tified as albumin lines in comparisons with chicken antisera 
against whole sera. Data incorporated in the six whole 
serum Antigenic Distance Tables were obtained with test an­
tigens compared with chicken antisera against whole sera.
The vast majority of the results presented here are 
those conducted with chicken antisera and only one table 
contains results conducted with opossum antiserum (Section 
A.3. under RESULTS, and Table 27). Chicken antisera results 
will be presented first.
A.2. RESULTS OBTAINED FROM CHICKEN ANTISERA 
A.2.1. Results obtained with chicken antisera against 
purified albumins and corresponding results ob­
tained with chicken against whole sera
Albumin Antigenic Distance Tables (AADT) included in 
this section are divided into five groups according to the 
order of relationships and to the order in which they will 
be discussed below. Groupings are as follows:
Group A: The Paenungulata
Table 7. Chicken antiserum against Elephas maximus
Table 8. Chicken antiserum against Orycteropus afer (+)
Table 9. Chicken antiserum against Procavia capensis
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T a b l e  10. C h i c k e n  a n t i s e r u m  a g a i n s t  T r i c h e c h u s  m a n a t u s
Group B: The Artiodactyla
Table 11. Chicken antiserum against Sus scrofa (+)
Table 12. Chicken antiserum against Camelus dromedarius
Table 13. Chicken antiserum against Bos taurus (+)
Group C: The Perissodactyla
Table 14. Chicken antiserum against Equus caballus (+)
(Table 15. Specific comparisons with this antiserum)
Group D: The Carnivora/Pholidota
Table 16. Chicken antiserum against Canis familiaris (+)
Table 17. Chicken antiserum against Manis pentadactyla
Group E: The Primates/Lagomorpha/Rodentia
Table 18. Chicken antiserum against Homo sapiens (+)
Table 19. Chicken antiserum against Oryctolaqus
cuniculus (+)
Table 20. Chicken antiserum against Rattus rattus (+)
(+) indicates tables that contain results obtained with 
chicken antisera against purified albumins; the rest of the 
tables contain results obtained in either one of the two 
methods described in the preceding section (A.I.).
Within each table, the listing of taxa is arranged such 
that the most closely related to the homologous species is 
listed first and the least related is listed last. The ac­
tual antigenic distance of each taxon from the homologous 
species as determined by the computer program (IMDFN) is 
given in the right column.
In each table specimens that belong to the same
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taxonomic order as the homologous species were given the 
complete scientific names, while specimens of other 
taxonomic orders were grouped under one taxon. For example, 
since Bos taurus (the homologous species in Table 13) is an 
artiodactyl, all the species belonging to the order Ar- 
tiodactyla were not grouped but are listed as individual 
species in descending order according to their immunological 
affinity to Bos taurus, the domestic cow. The rest of the 
taxa listed in this table are of higher taxonomic 
categories, families or orders. The listing of species 
making each group is included in Appendix G.
Following are specific comments for each table in­
dicating any expected or unusual taxonomic position of a 
particular species, a family or an order. Comments for the 
first few tables are extensive and include general state­
ments to better understand the concept behind all tables. 
These comments are reduced to a few lines for the last 
tables. In some cases a brief discussion was included along 
with the results because I felt that this would reduce dis­
cussions to a minimum and would diminish repetitiveness.
Group A: The Paenungulata 
Table 7 - Homologous species: Elephas maximus
By far the most closely related species to the 
homologous (=donor) species is the African elephant, 
Loxodonta africana. The negative value of the antigenic 
distance in the right column is an indication that
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T a b l e  7. A n t i g e n i c  d i s t a n c e s  for c h i c k e n  a n t i s e r u m  a g a i n s t
p u r i f i e d  a l b u m i n  of E l e p h a s  m a x i m u s  ( A s i a n  e l e p h a n t ) .
TAXON ANTIGENIC DISTANCE
Loxodonta africana -0.32 (1) (a)
Tubulidentata 3.12
Hyracoidea 3.40
Sirenia 3.71
Dermoptera 4.30
Primates 4.32
Artiodactyla 4.43
Macroscelidea 4.58
Tenrecidae 4.80
Perissodactyla 4.88
Lagomorpha 5.09
Scandentia 5.10
Erinaceidae 5.14
Cetacea 5.16
Pholidota 5.30
Rodentia 5.38
Edentata 5.58
Soricidae 6.10
Carnivora 6.13
Chiroptera 6.19
Marsupialia 8.58
Monotremata 9.58
Footnotes to Table 7 (next page)
1 3 7
Footnotes to Table 7
1. The negative value (also in later Antigenic Distance 
Tables) indicated that this species made long spurs 
against all the heterologous species compared.
2. In this and subsequent Antigenic Distance Tables the 
Antigenic Distance values were rounded off to the 
nearest 2 decimal places, from the original 5 decimal 
places, as obtained from the IMDFN computer program. 
For example, the original Antigenic Distance value for 
L . africana was -0.31932 and it was rounded off to 
-0.32. The rounding off of the 5 decimal places to 2 
decimal places was done because extending beyond the 2 
decimal places is not significant. In the text (Sec­
tion A.2. under RESULTS in Volume I) calculations, 
however, are shown to include the 5 decimal places.
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T a b l e  8. A n t i g e n i c  d i s t a n c e  t a b l e  for c h i c k e n  a n t i s e r u m
a g a i n s t  p u r i f i e d  a l b u m i n  of O r y c t e r o p u s  a f e r  ( A a r d v a r k ) .
TAXON ANTIGENIC DISTANCE
Proboscidea 2.05
Hyracoidea 3.03
Lagomorpha 3.55
Macroscelidea 3.57
Soricidae 3.79
Scandentia 3.83
Tenrec idae 3.83
Carnivora 3.92
Erinaceidae 4.22
Primates 4.34
Edentata 4.60
Chiroptera 4.64
Rodentia 4.80
Sirenia 4.95
Perissodactyla 5.25
Pholidota 5.26
Artiodactyla 5.41
Cetacea 5.42
Dermoptera 5.83
Marsupialia 6.08
Monotremata 6.08
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T a b l e  9. A n t i g e n i c  d i s t a n c e  t a b l e  f o r  c h i c k e n  a n t i s e r u m
a g a i n s t  p u r i f i e d  a l b u m i n  of P r o c a v i a  c a p e n s i s  (Rock h y r a x ) .
TAXON ANTIGENIC DISTANCE
Proboscides 4.00
Tubulidentata 4.29
Sirenia 5.49
Lagomorpha 5.56
Tenrec idae 5.56
Primates 5.84
Carnivora 5.92
Erinaceidae 5.93
Artiodactyla 6.34
Dermoptera 6.39
Pholidota 6.39
Soricidae 6.70
Macroscelidea 6.70
Rodentia 6.84
Chiroptera 6.84
Cetacea 6.87
Edentata 7.04
Scandentia 7.07
Perissodactyla 7.62
Marsupialia 8.66
Monotremata 9.66
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Table 10. Antigenic distance table for chicken 
antiserum against purified albumin of Trichechus 
manatus (North American manatee).
TAXON ANTIGENIC DISTANCE
Duqonq duqon 0.98
Proboscidea 3.02
Tubulidentata 3.07
Lagomorpha 3.82
Edentata 4.06
Pholidota 4.32
Hyracoidea 4.36
Primates 4.50
Chiroptera 4.51
Cetacea 4.55
Tenrec idae 4.69
Scandentia 4.79
Macroscelidea 4.80
Artiodactyla 4.81
Erinaceidae 4.98
Soricidae 5.04
Carnivora 5.11
Rodentia 5.15
Dermoptera 5.52
Perissodactyla 6.20
Marsupialia 6.86
Monotremata 7.86
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T a b l e  11. A n t i g e n i c  d i s t a n c e  t a b l e  for c h i c k e n  a n t i s e r u m
a g a i n s t  p u r i f i e d  a l b u m i n  of S u s  s c r o f a  ( D o m e s t i c  p i g ) .
TAXON ANTIGENIC DISTANCE
Babirussa alfurus 0.39
Cetacea 3.23
Hippopotamus amphibius 3.69
Lama guanicoe 4.64
Camelus dromedarius 4.66
Tubulidentata 4.91
Bos taurus 5.04
Ovis aries 5.18
Hyracoidea 5.78
Pholidota 5.95
Rodentia 6.15
Soricidae 6.15
Chiroptera 6.19
Perissodactyla 6.28
Erinaceidae 6.44
Carnivora 6.55
Primates 6.61
Scandentia 6.65
Dermoptera 6.69
Tenrecidae 6.92
Proboscidea 7.08
Sirenia 7.16
Lagomorpha 7.24
1 4 2
Table 11 (continued)
TAXON ANTIGENIC DISTANCE
Macroscelidea 7.38
Edentata 7.61
Marsupialia 8.52
Monotremata 9.52
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Table 12. Antigenic distance table for chicken 
antiserum against purified albumin of Camelus 
dromedarius (Domestic camel).
TAXON ANTIGENIC DISTANCE
Lama quanicoe -0.47
Bos taurus 3.30
Cetacea 3.77
Ovis aries 3.98
Hippopotamus amphibius 4.93
Perissodactyla 5.31
Carnivora 5.45
Primates 5.45
Lagomorpha 5.58
Sus scrofa 5.58
Chiroptera 5.58
Tubulidentata 5.58
Pholidota 6.07
Sirenia 6.13
Macroscelidea 6.58
Erinaceidae 6.58
Soricidae 6.60
Edentata 6.76
Hyracoidea 6.89
Rodentia 6.89
Dermoptera 6.95
Tenrecidae 7.00
Proboscidea 7.34
14 4
Table 12 (continued)
TAXON ANTIGENIC DISTANCE
Scandentia 7.48
Marsupialia 7.84
Monotremata 8.84
1 4 5
T a b l e  13. A n t i g e n i c  d i s t a n c e  t a b l e  for c h i c k e n  a n t i s e r u m
a g a i n s t  p u r i f i e d  a l b u m i n  of B o s  t a u r u s  ( D o m e s t i c  c o w ) .
TAXON ANTIGENIC DISTANCE
Traqelaphus strepsiceros 0.58
Antilope cervicapra 1.84
Addax nasomaculatus 2.07
Odocoileus hemionus 2.08
Oryx qazella 2.17
Ovis aries 2.34
Ammotraqus lervia 2.78
Camelus dromedarius 3.11
Cetacea 3.62
Sus scrofa 3.89
Hippopotamus amphibius 4.19
Proboscidea 4.40
Tubulidentata 4.50
Pholidota 4.63
Primates 4.92
Soricidae 5.11
Scandentia 5.33
Carnivora 5.36
Lagomorpha 5.48
Macroscelidea 5.56
Dermoptera 5.64
Perissodactyla 5.84
Hyracoidea 6.12
1 4 6
Table 13 {continued)
TAXON ANTIGENIC DISTANCE
Erinaceidae 6.25
Chiroptera 6.27
Sirenia 6.49
Tenrecidae 6.55
Rodentia 6.92
Edentata 6.92
Marsupialia 6.93
Monotremata 7.93
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Table 14. Antigenic distance table for chicken antiserum 
against purified albumin of Equus caballus (Domestic
horseTT
TAXON ANTIGENIC DISTANCE
Tapirus terrestris 2.83
Ceratotherium simum 3.14
Cetacea 4.45
Proboscides 4.64
Carnivora 4.78
Scandentia 4.89
Pholidota 5.15
Primates 5.19
Artiodactyla 5.33
Macroscelidea 5.37
Tubulidentata 5.98
Lagomorpha 6.22
Chiroptera 6.23
Rodentia 6.73
Edentata 6.73
Dermoptera 6.98
Tenrecidae 7.15
Erinaceidae 7.23
Soricidae 7.41
Sirenia 7.43
Hyracoidea 7.49
Marsupialia 8.37
Monotremata 9.37
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Table 15. Comparisons of Procavia capensis with chicken an­
tiserum against purified albumin of Equus caballus.
SPECIES No. K 1) VS. SPECIES No. 2 NSV(2)
Tapirus terrestris (P) vs. Procavia capensis (H) +4
Procavia capensis (H) vs. Elephas maximus (Pro) -4
Procavia capensis (H) vs. Sus scrofa (A) -4
Procavia capensis (H) vs. Homo sapiens (Pri) -3
Procavia capensis (H) vs. Crocidura russula (S) 0
Procavia capensis (H) vs. Tenrec ecaudatus (Te) 0
Procavia capensis (H) vs . Orycteropus afer (T) +1
Procavia capensis (H) vs . Didelphis virqiniana (M) +1
1. Key: A = Artiodactyla, H = Hyracoidea, M = Marsupialia, 
P = Perissodactyla, Pri = Primates, Pro = Proboscidea, 
S = Soricidae (Insectivora), T = Tubulidentata, Te = 
Tenrecidae (Insectivora).
2. NSV = Net spur value. A sign in front of a number 
implies that Species No. 1 is close to the homologous 
species (Equus caballus) by so many points, a sign 
implies the reverse, and a "0" sign implies that both 
species are equidistant from the homologous species.
1 49
Table 16. Antigenic distance table for chicken antiserum 
aqainst purified albumin of Canis familiaris {Domestic
dogi:-----------------
TAXON ANTIGENIC DISTANCE
Canis lupus -0.03
Canis latrans 0.03
Ursus arctos 0.45
Lycaon pictus 0.70
Procyon lotor 0.89
Potos flavus 1.37
Nasua nasua (=N. narica) 1.44
Hyaena hyaena 1.97
Munqos mungo 2.10
Phoca vitulina 2.11
Zalophus californianus 2.11
Herpestes ichneumon 2.50
Eumetopias iubatus 2.60
Meles meles 2.65
Mustela vison 2.74
Panthera leo kruqeri 3.74
Felis catus (*=F. domesticus) 3.82
Acinonyx -jubatus 3.89
Proboscidea 5.37
Cetacea 5.53
Pholidota 6.08
Macroscelidea 6.20
Lagomorpha 6.25
1 5 0
T a b l e  1 6  ( c o n t i n u e d )
TAXON ANTIGENIC DISTANCE
Primates 6.32
Dermoptera 6.45
Artiodactyla 6.50
Tenrecidae 6.82
Chiroptera 7.11
Edentata 7.14
Scandentia 7.27
Tubulidentata 7.33
Sirenia 7.43
Rodentia 7.51
Erinaceidae 7.53
Perissodactyla 7.84
Soricidae 8.11
Hyracoidea 8.23
Marsupialia 8.82
Monotremata 9.82
1 51
Table 17. Antigenic distance table for chicken 
antiserum against purified albumin of Manis 
pentadactyla (Chinese pangolin).
TAXON ANTIGENIC DISTANCE
Carnivora 1.47
Tubulidentata 1.63
Primates 1.88
Erinaceidae 2.50
Chiroptera 2.50
Edentata 2.50
Cetacea 2.50
Soricidae 2.50
Scandentia 2.53
Artiodactyla 2.53
Dermoptera 2.53
Perissodactyla 2.53
Macroscelidea 2.53
Proboscidea 2.83
Sirenia 2.97
Tenrecidae 3.00
Rodentia 3.00
Lagomorpha 3.17
Hyracoidea 4.25
Marsupialia 5.67
Monotremata 5.67
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T a b l e  18. A n t i g e n i c  d i s t a n c e  t a b l e  for c h i c k e n  a n t i  s e r u m
a g a i n s t  p u r i f i e d  a l b u m i n  of H o m o  s a p i e n s  (Man). ( 1 )
TAXON ANTIGENIC DISTANCE
Pan troqlodytes -0.53
Gorilla qorilla -0.53
Hylobates lar -0.51
Ponqo pyqmaeus -0.08
Pan paniscus 0.00
Hylobates syndactylus 0.00
H. moloch 0.00
Presbytis cristata 1.09
Colobus polykomos 1.09
Macaca fuscata 1.09
Papio sphinx 1.09
Theropithecus qelada 1.09
Cercocebus aterrimus 1.09
Presbytis entellus 1.31
Saquinus oedipus 1.47
Saimiri sciureus. 1.60
Callicebus sp. 1.71
Laqothrix sp. 1.71
Ateles sp. 1.71
Chiropotes sp. 1.71
Aotus trivirqatus 1.90
Tarsius syrichta 1.92
Cebus albifrons 2.57
1 5 3
T a b l e  18 ( c o n t i n u e d )
TAXON ANTIGENIC DISTANCE
Otolemur crassicaudatus 3.17
Scandentia 3.55
Perodicticus potto 3.76
Loris tardiqradus 3.98
Nycticebus coucang 4.22
Arctocebus calabarensis 4.24
Lemur fulvus 4.28
Tubulidentata 4.40
Proboscidea 4.54
Lagomorpha 4.80
Cheiroqaleus maior 4.81
Propithecus verreauxi 5.13
Chiroptera 5.33
Dermoptera 5.61
Erinaceidae 5.63
Macroscelidea 5.87
Soricidae 5.87
Artiodactyla 5.91
Sirenia 5.99
Carnivora 6.01
Rodentia 6.01
Edentata 6.08
Hyracoidea 6.30
Tenrecidae 6.37
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Table IB (continued)
TAXON ANTIGENIC DISTANCE
Marsupialia 6.62
Perissodactyla 6.74
Footnote to Table 18.
1. Phylogenetic problems encountered during experiments 
with this antiserum (also true for other antisera with
similar problems) might be resolved in the future once
the network of comparisons is expanded to include those
"problematic species" (e.g., the position of
Cheiroqaleus major and Propithecus verreauxi below 
Tubulidentata, Proboscidea, and Lagomorpha) against a 
larger number of species.
1 5 5
Table 19. Antigenic distance table for chicken 
antiserum against purified albumin of Oryc- 
tolagus cuniculus (Domestic rabbit).
TAXON ANTIGENIC DISTANCE
Lepus europaeus 1.50
Proboscidea 3.65
Tubulidentata 4.32
Dermoptera 4.56
Carnivora 4.70
Sirenia 4.70
Ochotona princeps 4.83
Primates 4.87
Edentata 4.91
Macroscelidea 5.20
Soricidae 5.20
Pholidota 5.56
Cetacea 5.56
Artiodactyla 5.70
Hyracoidea 6.20
Chiroptera 6.20
Scandentia 6.54
Perissodactyla 6.70
Erinaceidae 6.70
Rodent ia 6.87
Marsupialia 7.20
Tenrecidae 7.20
Monotremata 8.20
1 5 6
T a b l e  20. A n t i g e n i c  d i s t a n c e  t a b l e  for c h i c k e n  a n t i s e r u m
a g a i n s t  p u r i f i e d  a l b u m i n  of R a t t u s  r a t t u s  (Roof rat).
TAXON ANTIGENIC DISTANCE
Mus musculus 1.10
Octodon dequs 3.58
Peromyscus polionotus 3.75
Thryonomys swinderianus 4.08
Tamias striatus 4.50
Hydrochaeris hydrochaeris 4.61
Cetacea 4.98
Cavia porcellus 5.19
Primates 5.43
Pedetes capensis 5.50
Cynomys sp. 5.52
Tenrecidae 5.67
Macroscelidea 5.72
Dermoptera 5.83
Pholidota 5.83
Carnivora 5.87
Artiodactyla 5.98
Proboscidea 6.03
Scandentia 6.21
Soricidae 6.43
Chiroptera 6.43
Erinaceidae 6.71
Ratufa bicolor 6.76
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Table 20 (continued)
TAXON ANTIGENIC DISTANCE
Lagomorpha 6.87
Tubulidentata 7.06
Edentata 7.43
Hyracoidea 7.62
Perissodactyla 7.62
Marsupialia 7.84
Sirenia 8.01
Monotremata 8.84
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africana made long spurs against all the heterologous 
species compared. These results were expected because of 
the close affinity of the two living elephants (EL maximus, 
the homologous, and L_;_ af ricana, the heterologous species); 
based on morphological characters they are placed in the 
same subfamily, the Elephantinae, within the family 
Elephantidae, order Proboscidea (Maglio, 1973).
Surprisingly, from all the living non-proboscidean 
mammals used in the comparisons, the albumin molecules of 
the aardvark, Orycteropus afer (order Tubulidentata), showed 
greatest antigenic affinity to that of the Asian elephant 
(Elephas maximus), followed by a sirenian and a hyracoidean 
species. The aardvark made spurs against many species, in­
cluding the North American manatee, Trichechus manatus (or­
der Sirenia), and the rock hyrax, Procavia capensis (order 
Hyracoidea), both of which have been traditionally believed 
to be the closest living relatives of the elephant (Gregory, 
1910; Romer, 1966). Reciprocal results were obtained with 
chicken anti-Orycteropus afer purified albumin (Table 8); 
that is, the elephant made spurs against most of the species 
compared, and it appears at the top of that table (see 
Fig. 19). As will be demonstrated with the results of 
chicken antisera against whole sera, the order of 
relationships among these four orders (Proboscidea, 
Tubulidentata, Hyracoidea, and Sirenia) will change and 
follow traditional views which are based mostly on mor­
phological characters.
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Following the Sirenia in Table 7 is the order Dermop- 
tera (represented by Cynocephalus volans) and then the 
primates (represented by 29 species, of which only a few 
were compared with this antiserum), and so on. Within each 
table, the order of relationship of the heterologous to the 
homologous species is not significant after a certain point, 
which is determined by the gaps in the actual antigenic 
distance given in the right column. In this table, we note 
that the gap in the antigenic distance between Dermoptera 
and Sirenia is greater than each of the gaps between 
Sirenia-Hyracoidea and Hyracoidea-Tubulidentata [0.59255 
vs. 0.31490 and 0.27963, respectively; these and all subse­
quent similar calculations in the text are based on the 
original 5 decimal places which were rounded off in all An­
tigenic Distance Tables, see footnote No. 2 in Table 7].
From the above, it is evident that the serological 
propinquity of the taxa from Dermoptera and below to the 
order Proboscidea cannot be determined based on this table 
alone; other tables must be consulted. Two other items 
should be noted for this table. The ungulate orders Ar- 
tiodactyla and Perissodactyla are not listed close to the 
homologous species. These observations are significant and 
were consistent throughout the course of this study. That 
is, in all the paenungulate antisera (against whole sera 
and purified albumin) the Artiodactyla and the Perissodac- 
tyla were always distant from the homologous species. 
Reciprocal results, but not so consistent, were obtained
1 6 0
w i t h  a n t i s e r a  a g a i n s t  t h e  A r t i o d a c t y l a  a n d  P e r i s s o d a c t y l a .
Listed at the bottom of this and most of the following 
tables are the order Marsupialia and the order Monotremata 
(represented by the Tasmanian echidna, Tachyqlossus 
setosus). These results were expected because among mam­
malian taxonomists there is an almost unanimous agreement 
that Marsupialia are more closely related to Eutheria (all 
the taxa listed above Marsupialia) than to the Monotremata. 
Also note the big antigenic distance gap between the Mar­
supialia and Chiroptera, the taxon above it; (2.38996) which 
is the greatest gap in this table. The antigenic distance 
difference (ADD) between Monotremata and Marsupialia from 
Proboscidea is 1.00. Interestingly, an identical ADD of 
1.00 between Monotremata and Marsupialia from the homologous 
species was also observed in eight other chicken anti­
albumin tables (Tables 9-14, 16 and 19) but none in chicken 
anti-whole sera tables.
Table 8 - Homologous species: Orycteropus afer
In concert with the results obtained with the previous 
table, the albumin molecules of the order Proboscidea 
(represented and tested by both Elephas maximus and 
Loxodonta africana) show the greatest antigenic similarities 
to those of the order Tubulidentata, represented by the only 
surviving species, Orycteropus afer, the aardvark. Indeed, 
the ADD between Proboscidea and Hyracoidea is the greatest 
in this table (0.98285), followed by the ADD between
1 6 1
Hyracoidea and Lagomorpha (0.52245), which is the largest 
ADD, or gap, among the taxa compared. This implies that 
relationships o£ all taxa listed below Proboscidea and/or 
Hyracoidea to the Tubulidentata cannot be established, based 
on results obtained with this antiserum, and that other 
tables must be consulted.
The position of Sirenia (represented and tested by both 
Trichechus manatus and Duqonq duqon) in this table is unex­
pectedly distant; it is the 14th taxon listed in this table 
and its antigenic distance is 4.94975. These results were 
unexpected because in the overall network of comparisons 
with chicken antisera against whole sera and albumin, the 
order Sirenia appeared to be closer to Proboscidea, 
Hyracoidea and Tubulidentata than to other mammals tested 
(see Tables 7, and 9-10), as will be seen later in Tables 
21-23. The reason the order Sirenia has ended where it 
does, is that many blood samples of species of the taxa 
above the Sirenia made spurs against the blood samples of 
Trichechus manatus and Duqonq duqon. This was particularly 
true for the five Macroscelidea species, each of which made 
spurs against the sirenians (see Fig. 20 in Section A.2.3.). 
The above exemplifies how results with one protein (albumin) 
do not parallel the overall results obtained with multiple 
proteins, which are likely to provide a more accurate pic­
ture .
As in the previous table artiodactyl and perissodactyl 
species are distant from the homologous species, and Mar-
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supialia and Monotremata are listed last. Note, however, 
that the last mentioned taxa are equidistant from the 
homologous species, a condition which is also noted in 
Tables 17 and 22.
Table 9 - Homologous species: Procavia capensis
From the results of chicken anti-Procavia capensis 
(rock hyrax) albumin antiserum, it appears that the order 
Proboscidea is serologically the closest taxon to the order 
Hyracoidea (the order to which Procavia capensis belongs). 
This is followed by Tubulidentata and by Sirenia, Lagomor­
pha, and so on. As can be noted, however, Sirenia is 
separated from Tubulidentata by an ADD of 1.20450, which is 
the greatest ADD in this table. The relative distance of 
Sirenia from Hyracoidea has also been observed in the 
reciprocal results obtained with chicken anti-Trichechus 
manatus (see following table). As in the previous two 
tables Artiodactyla and Perissodactyla are distant from the 
homologous species, and Marsupialia and Monotremata are 
listed at the bottom of the table. In fact, from all the 
eutherian species examined, the perissodactylans are the 
most distant from the homologous species, a condition also 
observed in Tables 10, 18, 22, 23, and Table 26.
Table 10 - Homologous Species: Trichechus manatus
Viewing eutherian immunological affinities from the 
manatee's perspective, we observe that the dugong (Duqonq
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dugon), also a sirenian but placed in the family Dugongidae, 
is the closest living taxon to the homologous species 
(family Trichechidae, see Simpson, 1945 for classification).
Separated by an ADD of 2.03142 from dugong is the order 
Proboscidea followed by Tubulidentata, Lagomorpha, Edentata 
and so on. There is a large gap of ADD (of 0.74557) between 
Lagomorpha and Tubulidentata, however. The order Hyracoidea 
(7th listing from top, and with an antigenic distance of 
4.35530) is depicted as distant from the homologous species 
because species of taxa listed above it in the table made 
spurs against it. This distant relationship of the 
Hyracoidea from Sirenia is in accordance with reciprocal, 
but not so distant, results obtained in the previous table. 
Positions of Artiodactyla, Perissodactyla, Marsupialia and 
Monotremata are similar to the preceding table.
Summarizing the results of the last four tables we note 
that, based on data obtained from chicken anti-albumins, 
among the paenungulate taxa, Proboscidea and Tubulidentata 
show the closest antigenic similarity to each other. From 
the Elephas perspective, after Orycteropus, Hyracoidea was 
next most closely similar, followed by Sirenia. The Sirenia 
diverged a great deal from the Orycteropus but not vice 
versa; that is, Sirenia appears distant (14th) on the anti- 
Orycteropus table while Tubulidentata appears third on the 
anti-Trichechus table. In this last table, the Procavia is 
the 7th taxon. To complicate matters further, with anti- 
Procavia table Sirenia is listed 3rd, preceded by
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Tubulidentata and Proboscidea. Thus, it appears that on the 
whole the living Paenungulate taxa are more closely similar 
to each other than to the other eutherian mammals examined, 
but as a group they are a diverse assemblage. These results 
coincide with their bizarre and diverse morphological ap­
pearance.
Group B: The Artiodactyla 
Table 11 - Homologous Species: Sus scrota
The closest species to Sus is Babyrousa babyrussa, a 
member of the same subfamily (Suinae) in which Sus is also 
grouped (Simpson, 1945; see footnote 19 in Appendix G). 
Next in this table is a cetacean species (Delphinapterus 
leucas, a white whale), followed by Hippopotamus amphibius 
(Hippopotamidae) and two members of the Camelidae (Lama 
peruana and Camelus dromedarius). A second non- 
artiodactylan group (Tubulidentata, represented by Oryc­
teropus afer) then appears on the table before Bos taurus 
and Ovis aries (Bovidae). Note also that another paenungu­
late taxon (Hyracoidea) appears closer to Artiodactyla than 
other taxa listed below it in this table. The other two 
paenungulate taxa (Proboscidea and Sirenia) appear close to 
the bottom of the list.
The Cetacea (Delphinapterus leucas) appears closer to 
Suinae than all other artiodactylan species compared because 
the whale made spurs against Lama, Orycteropus, Ovis, 
Procavia, Equus, Tapirus, Ceratotherium, Elephas, and
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Trichechus. Delphinapterus and Hippopotamus did not make 
spurs against each other.
Table 12 - Homologous Species: Camelus dromedarius
The anti - Camelus results are particularly interesting 
from the Artiodactyla viewpoint since the suborder to which 
it belongs (Tylopoda) is often assigned an intermediate 
position among the three artiodactylan suborders (Simpson, 
1945; Romer, 1966; Colbert, 1982). The closest heterologous 
taxon to the camel is Lama peruana (family Camelidae), fol­
lowed by Bos, Delphinapterus (Cetacea), Ovis, and Hip­
popotamus . Sus is the most divergent member of the Ar­
tiodactyla from Camelus.
Using this antiserum, Bos made spurs against Sus and 
Delphinapterus (Cetacea). The latter, in turn, made spurs 
against Sus, Equus, and Hippopotamus (see Fig. 22 under 
Section A.2.3.). Sus made spurs against Elephas, Trichechus 
and Procavia but was equidistant when compared to Equus, 
Canis, Homo, Oryctolagus and a few other species in this 
table. This network of comparison (plus many other related 
comparisons) would explain, in part, the position of Bos and 
Delphinapterus and Sus in this table.
Table 13 - Homologous Species: Bos taurus
As in the two previous tables, Cetacea appears as the 
closest non-artiodactylan to Artiodactyla and actually 
reacts better than either the pig or the hippopotamus. The
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closest taxon to Bos was Tragelaphus, followed by Anti lope 
cervicapra, and Addax nasomaculatus. The only cervid used 
in these comparisons, Odocoileus hemionus, reacted better 
than three bovid species and appears in the table before 
them (Oryx qazella, Ovis aries, and Ammotraqus lervia). 
Camelus appears next, followed by Cetacea and then by Sus 
and Hippopotamus.
Thus, we have observed that in the last three tables 
the white whale, Delphinapterus leucas (order Cetacea) is 
the most closely similar living eutherian mammal to the or­
der Artiodactyla. These results are manifested in the 
dendrogram constructed in Figs. 23-26 in Section A.2.3. It 
should be noted that each of the three homologous (=donor) 
species in the last three tables (Sus, Camelus and Bos) 
represents a major suborder within the Artiodactyla: 
Suiformes, Tylopoda and Ruminantia (Simpson, 1945). As ex­
pected in all three tables, the closest relative (based on 
morphological characters) belonging to the same family or 
subfamily to that of the homologous species is separated by 
a big ADD from the rest of the species following them. On 
the whole, the paenungulate orders (Proboscidea, Sirenia, 
Hyracoidea and Tubulidentata) appear distant from the 
homologous species. Marsupialia and Monotremata are listed 
at the bottom of all tables.
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Group C: The Perissodactyla 
Table 14 - Homologous Species: Equus caballus
The South American tapir (Tapirus terrestris) and the 
square-lipped or white rhinoceros (Ceratotherium simum) 
belong in the suborder Ceratomorpha within the order Peris­
sodactyla. It was therefore not surprising when we observed 
that blood samples of these two species made spurs against 
non-perissodactyl species and subsequently appeared closest 
to the homologous species, the domestic horse, which is also 
a perissodactyl but placed in the suborder Hippomorpha 
(Simpson, 1945).
The order Cetacea (represented by the white whale, 
Delphinapterus leucas) follows the perissodactylan species 
and is separated from them by an ADD of 1.31236, which is 
the greatest antigenic gap in this table. The close af­
finity of Cetacea to Perissodactyla was not surprising in 
view of the close affinity of Cetacea to the Artiodactyla 
(see three preceding Tables, 11-13). However, the ap­
pearance of Proboscidea close to the top of the table was 
unexpected, because, as shown in the four tables in Group A 
(Tables 7-10) and will be shown later (Tables 21-23), the 
reverse was observed; that is, with chicken anti- Elephas 
maximus and other paenungulate species, Perissodactyla ap­
peared distant from the homologous species and often close 
to the bottom of the table. A glance at this table (14) 
shows that Sirenia and Hyracoidea are placed near the bot­
tom. The following paragraph explains why Hyracoidea is the
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m o s t  d i s t a n t l y  d i v e r g e n t  e u t h e r i a n  t o  P e r i s s o d a c t y l a .
A close examination of the network of comparisons in 
our computer file (CHIALB) shows that Procavia capensis was 
compared directly to eight species, each representing a 
family or an order as shown in Table 15.
Keeping these results (Table 15) in mind we note also 
that the T*. terrestris was compared to 10 non-perissodactyl 
species (represented by families and orders) and made spurs 
against all of them. These 10 species included four of the 
above species (S_^  scrofa, E. maximus, H. sapiens, and 0. 
afer). Except for 0_;_ afer, three of these species made 
spurs against P^ capensis, a fact which explains their 
position above P^ capensis in Table 14. Similarly, E. 
maximus made a spur against scrofa, which in turn made 
long spurs against 10 out of 13 species compared. This 
latter set of comparisons provided additional evidence to 
explain the distant position of P^ capensis from E^ caballus 
and the close similarity of E^ maximus to the homologous 
species. Further examination of the results obtained with 
the 99 experiments conducted with this antiserum will ex­
plain the position of the 23 taxa listed in this antigenic 
distance table (Table 14).
Group D: The Carnivora/Pholidota 
Table 16 - Homologous Species: Canis familiaris
Of the 18 carnivore blood samples compared with this 
antiserum the wolf (Canis lupus) appears the closest to the
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homologous species (domestic dog). The wolf is followed by 
the coyote (Canis latrans). These results were expected 
because all three species (dog, wolf, coyote) are placed in 
the same subfamily, the Caninae, by many authors (e.g., 
Simpson, 1945).
Following the caninae in descending order in this table 
are: Ursidae (Ursus), Canidae, Simocyoninae (Lycaon),
Procyonidae (Procyon, Potos, and Nasua), Hyaenidae (Hyaena), 
Herpestidae (Munqos and Herpestes which is listed between 
two pinnipids), Phocidae (Phoca), Otariidae (Zalophus and 
Eumetopias), Mustelidae (Meles and Mustela), and Felidae 
(Panthera, Felis, and Acinonyx).
Comparing the arrangement of the carnivore species in 
this table to the classification of Simpson (1945) and of 
Hpnacki et al. (1982), we note that the greatest difference 
is that in the immunodiffusion table; the pinniped car­
nivores (Phocidae and Otariidae) are closer to Canidae than 
to Mustelidae and Felidae. Aside from this difference and 
two other exceptions, the rest of the species follow 
traditional classification. The exceptions are: 1) the
Lycaon which is a canid but is placed after the ursid Ursus, 
and 2) the Hyaena (belonging to the superfamily Feloidea) 
but which appears to be closer to Canidae than to other 
feloidean families (Herpestidae and Felidae). Figure 21 
includes some comparisons with this antiserum.
The fact that pinniped species made spurs against non- 
pinnipid carnivores reinforces the notion that Pinnipedia
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share close affinity with the Fissipedia and should not be 
placed in a separate order. See also Sarich (1969, 1975) 
and Tedford (1976) who reached similar conclusions based on 
immunological and morphological characters, respectively.
The first few non-carnivore taxa closest to the 
homologous species are Proboscidea, Cetacea, Pholidota and 
Macroscelidea. If we briefly review the relationship 
depicted in the last eight Antigenic Distance Tables, we 
note that Proboscidea is closely related to the Paenungulata 
and the Cetacea has its affinity with the Artiodactyla and 
Perissodactyla. It is therefore a logical and intellectual 
estimate to predict that, with chicken anti-Manis pentadac- 
tyla, the order Carnivora would be most closely serologi­
cally related to Pholidota. See next table.
Table 17 - Homologous Species: Manis pentadactyla;
Results with this antiserum depict Carnivora as the 
closest to the homologous species. The Carnivora are fol­
lowed by Tubulidentata, Primates, Erinaceidae, and so on. 
Members of the order Carnivora compared with this antiserum 
include: Canis familiaris, Felis catus (=domesticus), Hyaena 
hyaena, and Eumetopias jubatus. In all but one set of com­
parisons, when a carnivore was compared to a non-carnivore 
species, the net spur value was such that the carnivore was 
closer to the homologous species, Manis pentadactyla. The 
exception was the comparison of Felis vs. Lepus, in which 
each diverged equally from the homologous species. Figure
171
21A is an example of a comparison between two heterologous 
species: a carnivore (Hyaena) compared to an edentate
(Dasypus) using chicken anti-Manis pentadactyla whole serum. 
Figure 21B shows the pangolin making a longer spur against 
the Arabian camel (Camelus dromedarius) using chicken anti- 
Canis familiaris purified albumin. Figure 21, thus, in­
cludes reciprocal results from both antisera and provides 
evidence for the close relationship between Carnivora and 
Pholidota. As expected, Carnivora joined Pholidota in the 
dendrogram reconstructed (Fig. 26).
Group E: The Primates/Lagomorpha/Rodentia 
Table 18 - Homologous Species: Homo sapiens
A total of 32 primate species was included in the net­
work of comparison with this antiserum. Studying the order 
in which the primate species are listed, one notes that all 
seven apes are listed close to the top of the table. These 
are followed by the Old World cercopithecine monkeys, which 
in turn are followed by the New World ceboid monkeys. The 
lower primates (suborder Prosimii of Simpson, 1945 and semi­
order Strepsirhini of Dene et al., 1976) appear at the bot­
tom of the primate listing.
Of particular interest are the position of the Tarsius 
syrichta (order Primates), Tupaia qlis (order Scandentia), 
Orycteropus afer (order Tubulidentata), Elephas maximus and 
Loxodonta africana (order Proboscidea), and Oryctolaqus 
cuniculus (order Lagomorpha). The phylogenetic position of
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the family Tarsiidae (to which syrichta belongs) within 
the order Primates has been a controversial issue. See, for 
example, classification by Simpson (1945) and Sarich and
Cronin (1976) who placed the Tarsiidae closer to the lower
primates, while Dene et al. (1976) classified the Tarsiidae 
closer to the higher primates. Results included in this 
study show Tarsius slightly more similar to the higher
primates than to the lower primates.
Members of the order Scandentia have been placed either 
with Insectivora (Gregory, 1910), Primates (Simpson, 1945), 
or as an order by themselves (see Luckett, 1980a-c, for 
further details). Results obtained with chicken anti­
albumin antisera left little doubt of the Scandentia1s close 
antigenic affinities to the Primates, more than all other 
eutherian mammals tested (see also Dene et al., 1976; Good­
man, 1975).
Tubulidentata, Proboscidea and Lagomorpha appear closer 
to the homologous species than Cheirogaleus and Propithecus 
because they either made spurs directly against these two 
primate genera or they made big spurs against other mammals. 
The Perissodactyla appears at the bottom of the table below 
the Marsupialia because, when Equus was compared to Didel- 
phis, both diverged equally from the homologous species. 
Other related comparisons resulted in Marsupialia being 
listed above Perissodactyla. Tachyqlossus (order 
Monotremata) was not included in the comparisons with this 
antiserum. Phylogenetic problems encountered during ex­
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periments with this antiserum [results of which are 
presented in Table 18] might be resolved in the future once 
the network of comparisons is expanded to include those 
"problematic species" (e.g., the position of Cheiroqaleus 
major and Propithecus verreauxi below Tubulidentata, 
Proboscidea, and Lagomorpha) against a larger number of 
species. Similar problems were encountered with other an­
tisera.
Table 19 - Homologous Species: Oryctolagus cuniculus
This antiserum produced a few expected but more unex­
pected results. Lepus europaeus appears the closest living 
taxon to the homologous species (the domestic rabbit), both 
of which are placed in the family Leporidae in the order 
Lagomorpha. However, another lagomorph taxon, Ochotona 
princeps, family Ochotonidae, appears to have diverged ex­
tensively from the homologous species. Ochotona was 
directly compared to three species of elephant shrews, order 
Macroscelidea, (and made a net spur of +1 against them), to 
Dasypus Edentata, (both were equidistant from the homologous 
species), to Orycteropus, Tubulidentata, and to Elephas, 
Proboscidea, (both Proboscidea and Tubulidentata made spurs 
against Ochotona). Examination of other sets of comparisons 
reveal, for example, that Elephas and Orycteropus made spurs 
against other mammals; as did Cynocephalus (Dermoptera) and 
members of the orders Carnivora and Sirenia. The above 
brief description explains the distant position of Ochotona
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from Oryctolagus.
As will be seen later in results obtained with chicken 
antiserum to whole serum of Oryctolagus cuniculus, members 
of the order Lagomorpha are grouped together but Ochotona is 
the most divergent. This particular set of results clearly 
demonstrates how data obtained based on one protein should 
not be used as the only evidence; data obtained for multiple 
proteins provide sounder results as was also demonstrated 
with the paenungulate taxa.
Table 20 - Homologous Species: Rattus rattus
Except for the house mouse (Mus musculus), which is in 
the same family (Muridae; Simpson, 1945) as the homologous 
species, the rest of the rodents compared with this an- 
tiserum show great antigenic divergence. For example, when 
the giant bibbed squirrel (Ratufa bicolor), family 
Sciuridae, was compared to eight rodent species and five 
non-rodent species (Delphinapterus leucas, Homo sapiens, 
Nycticebus coucang, Elephantulus myurus, and Nasilio 
brachyrhynchus), all except one made spurs against R. 
bicolor. The exception was N_;_ brachyrhynchus which diverged 
equally from the homologous species.
Cynomys, Pedetes, and Tamias are the only three other 
sciuromorphs (in addition to Ratufa) compared with this a n ­
ti serum. As can be seen in the listing of this table, all 
but one of the sciuromorph squirrels are listed below the 
hystricomorph rodents (Octodon, Thryonomys, Hydrochoerus,
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and Cavia). The exception, Tamias, is listed in the middle 
of the hystricomorph rodents. These observations provide 
immunological evidence for the closer similarity of the 
suborder Hystricomorpha to rattus (suborder Myomorpha) 
than the suborder Sciuromorpha to rattus.
Of all the non-rodent taxa examined with this an­
tiserum, Delphinapterus leucas (order Cetacea) appears to be 
the least divergent. Cetacea is followed by Primates, Ten- 
recidae, Macroscelidea, and so on. Trichechus manatus 
(Sirenia) was not compared to members of Marsupialia but to 
E. maximus (Proboscidea), 0^ afer (Tubulidentata), and P. 
capensis (Hyracoidea). Both maximus and 0^ afer made
spurs against manatus, and P^ capensis diverged equally 
from the homologous species.
A.2.2. Results obtained with antisera against 
whole sera
To reduce repetitiveness, only the differences in 
results presented in these and the corresponding tables in 
the previous section will be mentioned, unless a point needs 
to be made. It is clear that, because results presented in 
these tables are based on multiple proteins, they are, on 
the whole, providing stronger evidence than the results 
based on one protein. Antigenic Distance Tables included in 
this section are divided in the same grouping as in the 
previous section (A.2.I.), though not the same antisera, 
namely:
Group A: The Paenungulata
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T a b l e  21. C h i c k e n  a n t i s e r u m  a g a i n s t  E l e p h a s  m a x i m u s
Table 22. Chicken antiserum against Trichechus manatus
Table 23. Chicken antiserum against Procavia capensis
Group B: The Artiodactyla 
Table 24. Chicken antiserum against Camelus dromedarius 
Group C: The Perissodactyla - no representatives 
Group D: The carnivora/Pholidota 
Table 25. Chicken antiserum against Man is pentadactyla 
Group E: The Primates/Lagomorpha/Rodentia 
Table 26. Chicken antiserum against Oryctolagus cuniculus
Group A: The Paenungulata 
Table 21 - Homologous species: Elephas maximus
The most important differences between this table and 
Table 7 are the order of relationships of the three non- 
Elephantidae species to the donor (homologous) species. In 
this table Trichechus manatus (Sirenia) is followed by 
Orycteropus afer (Tubulidentata) and Procavia capensis 
(Hyracoidea) , while in Table 7 the corresponding order is 
Tubulidentata, Hyracoidea and Sirenia. As will be seen in 
the next table, reciprocal results were obtained with 
chicken anti- Trichechus manatus.
Table 22 - Homologous species: Trichechus manatus
With this table Proboscidea is the closest to Sirenia 
followed by Tubulidentata and Hyracoidea. The latter taxon 
(Hyracoidea) is more distant from Sirenia with anti-albumin
177
T a b l e  21. A n t i g e n i c  d i s t a n c e  t a b l e  for c h i c k e n  a n t i s e r u m
a g a i n s t  w h o l e  s e r u m  of E l e p h a s  m a x i m u s  ( A s i a n  e l e p h a n t ) .
TAXON ANTIGENIC DISTANCE
Loxodonta africana -0.57
Sirenia 3.02
Tubulidentata 3.22
Hyracoidea 3.60
Rodentia 3.87
Edentata 3.88
Dermoptera 3.90
Primates 4.06
Perissodactyla 4.07
Scandentia 4.20
Tenrecidae 4.20
Soricidae 4.21
Macroscelidea 4.28
Artiodactyla 4.37
Cetacea 4.50
Erinaceidae 4.54
Chiroptera 4.68
Carnivora 4.71
Lagomorpha 4.82
Marsupialia 4.83
Monotremata 5.07
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T a b l e  22. A n t i g e n i c  d i s t a n c e  t a b l e  for c h i c k e n
a n t i s e r u m  a g a i n s t  w h o l e  s e r u m  of T r i c h e c h u s
m a n a t u s  ( N o r t h  A m e r i c a n  m a n a t e e ) .
TAXON ANTIGENIC DISTANCE
Duqonq duqon 1.68
Proboscidea 2.82
Tubulidentata 2.97
Hyracoidea 3.28
Tenrec idae 3.32
Pholidota 3.51
Lagomorpha 3.54
Rodentia 3.54
Primates 3.54
Chiroptera 3.61
Artiodactyla 3.61
Erinaceidae 3.66
Macroscelidea 3.69
Carnivora 3.80
Scandentia 3.83
Edentata 3.90
Cetacea 3.93
Dermoptera 4.07
Soricidae 4.10
Perissodactyla 4.12
Marsupialia 4.40
Monotremata 4.61
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T a b l e  23. A n t i g e n i c  d i s t a n c e  t a b l e  for c h i c k e n  a n t i s e r u m
a g a i n s t  w h o l e  s e r u m  of P r o c a v i a  c a p e n s i s  (Rock h y r a x ) .
TAXON ANTIGENIC DISTANCE
Proboscidea 3.40
Sirenia 3.40
Tubulidentata 3.52
Rodentia 3.55
Soricidae 3.70
Edentata 3.71
Macroscelidea 3.74
Tenrecidae 3.75
Cetacea 3.75
Pholidota 3.75
Artiodactyla 3.77
Primates 3.82
Scandentia 3.84
Lagomorpha 3.87
Dermoptera 3.98
Carnivora 4.04
Perissodactyla 4.07
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T a b l e  24. A n t i g e n i c  d i s t a n c e  t a b l e  for c h i c k e n  a n t i s e r u m
a g a i n s t  w h o l e  s e r u m  of C a m e l u s  d r o m e d a r i u s  ( A r a b i a n  c a m e l ) .
TAXON ANTIGENIC DISTANCE
Lama quanicoe 1.87
Bos taurus 3.72
Cetacea 3.94
Ovis aries 4.04
Sus scrofa 4.15
Hippopotamus amphibius 4.61
Pholidota 4.62
Perissodactyla 4.66
Carnivora 4.73
Primates 4.83
Lagomorpha 4.95
Edentata 5.03
Proboscidea 5.24
Tubulidentata 5.24
Chiroptera 5.24
Macroscelidea 5.24
Rodentia 5.28
Hyracoidea 5.41
Tenrecidae 5.44
Sirenia 5.45
Erinaceidae 5.46
Soricidae 5.46
Dermoptera 5.47
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Table 24 (continued)
TAXON ANTIGENIC DISTANCE
Scandentia 5.56
Marsupialia 5.75
Monotremata 5.97
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Table 25. Antigenic distance table for chicken antiserum 
against whole serum of Manis pentadactyla (Chinese pan-
g o l i n T l
TAXON ANTIGENIC DISTANCE
Carnivora 2.40
Primates 2.60
Tenrecidae 2.75
Tubulidentata 2.75
Scandentia 2.91
Dermoptera 3.04
Macroscelidea 3.05
Rodentia 3.05
Chiroptera 3.15
Proboscidea 3.20
Cetacea 3.22
Artiodactyla 3.22
Lagomorpha 3.24
Perissodactyla 3.25
Edentata 3.25
Soricidae 3.35
Erinaceidae 3.40
Sirenia 3.47
Hyracoidea 3.47
Marsupialia 3.85
Monotremata 4.10
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T a b l e  26. A n t i g e n i c  d i s t a n c e  t a b l e  for c h i c k e n  a n t i s e r u m
a g a i n s t  w h o l e  s e r u m  of O r y c t o l a g u s  c u n i c u l u s  ( D o m e s t i c
r a b b i t ) .
TAXON ANTIGENIC DISTANCE
Lepus europaeus 0.78
Ochotona princeps 3.00
Edentata 4.00
Primates 4.00
Sirenia 4.07
Hyracoidea 4.09
Tenrecidae 4.31
Soricidae 4.31
Pholidota 4.35
Rodentia 4.37
Proboscidea 4.45
Tubulidentata 4.45
Artiodactyla , 4.47
Scandentia 4.48
Cetacea 4.54
Carnivora 4.62
Macroscelidea 4.62
Dermoptera 4.99
Erinaceidae 5.07
Chiroptera 5.30
Perissodactyla 5.30
Marsupialia 5.50
Monotremata 5.68
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results (Table 10) than with anti-whole serum results (this 
table).
Table 23 - Homologous species: Procavia capensis
A difference between this table and Table 9, is the
order of relationships of the paenungulate taxa to
Hyracoidea (the homologous taxon). In Table 9 the order of 
relationships is Proboscidea, Tubulidentata, and Sirenia.
The differences mentioned in the above three tables 
bear little significance as far as the overall close 
serological similarities among the four paenungulate taxa: 
Proboscidea, Sirenia, Hyracoidea and Tubulidentata. Other 
differences in these tables were not mentioned, as they bear 
no relevance to this study.
One important similarity among the six tables compared 
so far involves the distant relationship of Ungulata (Ar- 
tiodactyla and Perissodactyla) to Paenungulata; in all six 
tables the ungulate taxa are listed further below the
homologous species. See reciprocal results below and fur­
ther details under DISCUSSION.
Group B: The Artiodactyla 
Table 24 - Homologous species: Camelus dromedarius
The artiodactylan species are all close to the 
homologous species, including Sus scrofa. which is distant 
in Table 12. The Cetacea is the closest non-artiodactylan 
taxon to Camelus and the paenungulate taxa are listed closer
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to the bottom of the table.
Group D: The Carnivora/Pholidota 
Table 25 - Homologous species: Manis pentadactyla
The difference in the order in which the first four 
taxa are listed is: Table 17 - Carnivora, Tubulidentata,
Primates and Erinaceidae; while in this table - Carnivora, 
Primates, Tenrecidae, and Tubulidentata. In both tables 
Dasypus novemcinctus (Edentata) is distantly related to the 
homologous species, but more so in this table.
Group E: The Primates/Lagomorpha/Rodentia 
Table 26 - Homologous species: Oryctolagus cuniculus
The most important difference between this table and 
Table 19 is that in this table Ochotona princeps (family 
Ochotonidae and same order, Lagomorpha, as the homologous 
species) is the second species from the top after Lepus 
europaeus (family Leporidae, order Lagomorpha), while in 
Table 19 0^ princeps is listed 7th from the top. Another 
two points of interest: Macroscelidea (elephant shrews) ap­
pears to have diverged from the homologous species while the 
paenungulate taxa are, on the whole, close to Lagomorpha 
(more so with anti-albumin Table 19).
In all the above seven tables, as with anti-albumins 
(Tables 7-20), the Marsupialia and Monotremata are listed at 
the bottom of the tables.
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A.2.3. Figures: explanations and brief discussion
Examples of immunodiffusion comparisons are shown in 
Figures 18 through 22. These photographs provide evidence 
for the relationships manifested in Tables 7 through 26. 
Figure 18 depicts results of a simple experiment including 
homologous and heterologous comparisons as was schematically 
presented in Fig. 12. In plate II the North American 
manatee (Trichechus manatus) made a spur against the rock 
hyrax (Procavia capensis), indicating closer antigenic 
similarities between Elephas maximus, the homologous 
species, and the manatee than between E^ _ maximus and P. 
capensis.
T.m.
(w.s.) (w. s . )(w. s.)
No. 708 No. 708
KEY: No. 708 = chicken anti-Elephas maximus purified albumin
E.m.= Elephas maximus , T.m.= Trichechus manatus ,
P.c,= Procavia capensis , w.s.= whole serum.
Figure 18. An immunodiffusion experiment depicting homologous (left) and heterologous 
(right) comparisons (see Fig. 12). This simple experiment also provides evidence for 
close antigenic similarity between the North American manatee (T\ manatus) and the Asian 
elephant (E^ maximus), more than between the elephant and the rock hyrax (P^ capensis) 
(after Shoshani et al., 1981:213). 1
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Figure 19. Examples of immunodiffusion comparisons using 
chicken antisera* to paenungulate and protungulate species. 
In all cases, the antisera were placed in the lower wells 
(letters A through L), and the antigens in the upper left 
and right wells. Top row (A - C) * antiserum to Elephas 
maximus whole serum, second row from top (D - F) * antiserum 
to Trichechus manatus whole serum, third row from top (G - 
I) « antiserum to Procavia capensis purified albumin, bottom 
row (J - L) = antiserum to Orycteropus afer purified al­
bumin. Tm ■ Trichechus manatus, Oa = Orycteropus afer, Ec = 
Equus caballus, Pc * Procavia capensis, Em = Elephas maxi­
mus, Bt ■ Bos taurus, Cs ■ Ceratothenum si mum. Tt ■ Tapirus 
terrestris, Mp = Manis pentadactyla. The differences m  the 
number of precipitin lines observed in A 
vs. B and in D vs. E and F are due to different antigen 
dilutions used [after Shoshani, 1986:226].
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Figure 20. Chicken anti-Orvcteropus afer purified albumin 
(A-B); Tm ■ TrichechuB manatus. Bmy » Elephantulus myurus. 
Ee » Erinaceus europaeus. Compare these results to those 
presented in Table 8 for the distant position of Tm from O. 
afer.
Figure 21. Examples of immunodiffusion comparisons in­
dicating close ordinal relationship between Pholidota and 
Carnivora. Well A contains chicken anti-Manis pentadactyla 
whole serum, well B contains chicken anti-Canis familians 
purified albumin. Hh = Hyaena hyaena, Dn = Dasypus novem- 
cinctus, Mp - Manis pentadactyla, Cd = Camelus dromedarius.
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Figure 22. Selected immunodiffusion comparisons with 
chicken antisera providing evidence for the relationships 
shown in Fig. 25, especially that of the white whale (Del­
phi napterus leucas, order Cetacea) to Artiodactyla. Top row 
(A -B ) « antiserum to Bos taurus purified albumin, second row 
from top (C-D) - antiserum • to Camelus dromedarius whole 
serum, bottom rows (E-H) = antiserum to Su3 scrofla purified 
albumin. Dl ■ Delphinapterus leucas. Oh = Odocoileus 
hemionus, Ha * Hippopotamus amphiblus, Oa ■ Ovis aries, Bb - 
Babyrousa babyrussa, Bt = Bos taurus, Lg = Lama quanicoe. 
The drawings in C and G-H are from the data sheets.
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Figure 19, top row, shows comparisons of heterologous 
species using chicken anti-Elephas maximus whole serum. In 
A, a blood sample of the North American manatee (Trichechus 
manatus) is compared to that of the aardvark (Orycteropus 
afer). The net spur value of the manatee is greater than 
that of the aardvark and thus provides evidence that the 
manatee is more closely similar to the elephant than is the 
aardvark. In photographs B and C the aardvark and the rock 
hyrax (Procavia capensis) are compared to the domestic horse 
(Equus caballus), respectively. Both the aardvark and the 
hyrax made spurs against the horse, providing evidence that 
they are more similar to the elephant than the horse is to 
the elephant.
The second row in Fig. 19 shows comparisons of 
heterologous species, using chicken anti-Trichechus manatus 
whole serum. In D, the Asian elephant (Elephas maximus) is 
compared to the aardvark. The net spur value of the 
elephant is greater than that of the aardvark and provides 
evidence of closer antigenic similarity between the elephant 
and the manatee than between the aardvark and the manatee. 
The elephant also made spurs against the hyrax and many 
other species (results not shown). In E the aardvark is 
compared to the hyrax and makes spurs against it. In F the 
hyrax is making spurs against the domestic cow (Bos taurus). 
From these two comparisons (E and F) we learn that the 
aardvark is closer immunologically to the manatee than the 
hyrax is to the manatee. The hyrax, in turn, is closer to
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the manatee than the cow is to the manatee.
Figure 19, third row from top, shows comparisons using 
chicken anti-Procavia capensis purified albumin. In all 
three plates (G, H, I), the Asian elephant makes spurs 
against perissodactyl species, the horse, the square-lipped 
rhinoceros (Ceratotherium simum), and the South American 
tapir (Tapirus terrestris). These comparisons provide 
evidence for the close relationship between Proboscidea and 
Hyracoidea.
The bottom row of this figure depicts comparisons made 
with chicken anti-Orycteropus afer purified albumin. In 
photograph J, the elephant makes a spur against the Chinese 
pangolin (Manis pentadactyla). A spur was also made by both 
elephant and hyrax against the nine-banded armadillo 
(Dasypus novemcinctus) (results not shown). The hyrax also 
made spurs against pangolin. These latter results con­
tradict early hypotheses (Cuvier, 1798; Illiger, 1811; 
Flower, 1883; Parker, 1885a) that Tubulidentata is closely 
related to either Pholidota, Edentata or both. In K, the 
elephant is compared to the hyrax. Both the elephant and 
the hyrax make a spur against each other but that of the 
elephant is longer and much stronger. This implies that the 
elephant shares more antigenic sites with the aardvark than 
the hyrax does with the aardvark. Photograph L depicts the 
hyrax making a longer spur than the horse, evidence that the 
hyrax is more similar to the aardvark than the horse is to 
the aardvark.
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With this last antiserum (chicken ant i-Orycteropus 
afer) we note that many species made spurs against the North 
American manatee (Trichechus manatus). Two of these results 
are shown in Fig. 20. These results explain the distant 
position of manatus in Table 8.
Figure 21A is an example of a comparison between two 
heterologous species; a carnivore (Hyaena) compared to an 
edentate (Dasypus) using chicken anti-Manis pentadactyla 
whole serum. Figure 21B shows the pangolin making a longer 
spur against the Arabian camel (Camelus dromedarius), using 
chicken anti-Canis familiaris purified albumin. Figure 21 
thus includes reciprocal results from both antisera and 
provides evidence for the close antigenic similarities be­
tween Carnivora and Pholidota. As expected, Carnivora 
joined Pholidota in the dendrogram reconstructed (Figs. 23, 
24 and 26).
The close phylogenetic position of the white whale 
(Delphinapterus leucas, order Cetacea) to Artiodactyla or 
within Artiodactyla (see Figs. 23-26) was discussed exten­
sively when presenting results for Tables 11-13 and 24. 
Figure 22 provides evidence for these findings.
Results presented in the above figures (Figs. 18 
through 22) represent a selection out of the 2,258 com­
parisons conducted with 101 mammalian species in this study. 
Four dendrograms were constructed based on these com­
parisons, using the unweighted Pair-group method of Sokal 
and Michener (1958). Figure 25 depicts branching patterns
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among the Artiodactyla. As expected from the results 
presented in Tables 11-13 and Table 24, and Fig. 22 the or­
der Cetacea (represented by Delphinapterus leucas) falls 
within the Artiodactyla.
The dendrograms shown in Figs. 23, 24, and 26 depict 
relationships among mammalian groups as indicated by the 
results from purified albumin (13 tables) and from antisera 
against whole sera (6 tables). In all three figures, the 
infraclass Eutheria is clearly delineated from Marsupialia 
and Monotremata. Keeping in mind that the anti-albumin 
results (Fig. 23) are based on twice as many (13 vs. 6) an­
tisera as the anti-whole sera results (Fig. 24), and if one 
keeps in mind that Fig. 26 is based on the combined results, 
the following general observations may be noted for the 
groupings within Eutheria: (1) Artiodactyla-Cetacea-
Perissodactyla are members of the same branch, which is 
close to the root of Eutheria; (2) Primates is closely re­
lated to Scandentia in two out of the three trees (in the 
third tree, Scandentia is a sister-group to Carnivora- 
Pholidota-Primates-Tenrecidae); (3) Carnivora and Pholidota
share close antigenic similarities; (4) The four paenungu­
late orders (Proboscidea, Sirenia, Tubulidentata and 
Hyracoidea) share a common ancestor; the order of 
relationships among these four orders varies but all four 
remain as monophyletic groups.
An examination of the branching pattern in Fig. 23 
shows the joining of Pholidota and Carnivora. This branch-
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Figure 23. A divergence tree of albumin results from chicken antisera obtained from im­
munodiffusion plate comparisons. Key for this and the next four figures: solid lines
(____ ) ascend to taxa employed as homologous (donor) species to whole sera; broken lines
ascend to taxa employed as homologous species to albumins; dashed lines (---- )
ascend to taxa employed as heterologous (non-donor) species. UN-C = Ungulata-Cetacea , P -C  
= Pholidota-Carnivora, PAEN = Paenungulata. Portions of the PAEN based on albumins and 
whole sera are shown in Fig. 27 (see text for details).
195
///////////////////
j i
p-c
ttN-C
PAEN
Figure 24, A divergence tree of whole sera results fr< 
immunodiffusion plate comparisons. Key as for Fig. 23.
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Figure 25. A divergence tree of combined results from chicken antisera produced against 
artiodactyl's whole sera and albumins obtained from immunodiffusion plate comparisons 
(Fig. 22). This tree depicts the affinity, i.e., close antigenic similarity, between Del- 
phinapterus (order -Cetacea) and Artiodactyla. Key as for Fig. 23.
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ing arrangement is congruent with the findings of de Jong
(1982). An antiserum to plasma or whole serum of a car­
nivore species will be important in establishing the 
validity of the relationships between Pholidota and Car­
nivora, as implied by the data presently available.
In Fig. 26 the closest antigenic distance is for the
node joining Proboscidea to Tubulidentata. Unfortunately we 
did not have a good antiserum to whole serum of aardvark
(Orycteropus afer, order Tubulidentata) and the results here 
are based on chicken antiserum to purified albumin of 
aardvark. An antiserum to whole serum of Orycteropus afer 
will be very important for establishing the phylogenetic 
position of Tubulidentata within Eutheria based on im­
munological data.
A.3. RESULTS OBTAINED WITH OPOSSUM ANTISERUM
Of the few antisera produced in opossums, only anti-
Procavia capensis (rock hyrax) whole serum was a good an­
tiserum. [A good antiserum is one which yields well defined 
precipitin lines through a series of experiments.] The range
of experiments with this antiserum was limited but meaning­
ful. In Table 27 all the four paenungulate species compared 
with this antiserum are listed close to the top in the fol­
lowing order of relationships: Trichechus manatus (Sirenia), 
Elephas maximus (Proboscidea), Loxodonta africana (Probos­
cidea), and Orycteropus afer (Tubulidentata). Comparisons 
with Tables 9 and 23 show correspondence in results, i.e.,
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T a b l e  27. A n t i g e n i c  d i s t a n c e  t a b l e  f o r  o p o s s u m  a n t i s e r u m
a g a i n s t  w h o l e  s e r u m  of P r o c a v i a  c a p e n s i s  (Rock h y r a x ) x
TAXON ANTIGENIC DISTANCE
Trichechus manatus (a) 2.83 (J)
Elephas maximus 3.50
Loxodonta africana 3.50
Orycteropus afer 3.83
Tapirus terrestris 4.00
Homo sapiens 4.00
Equus caballus 4.17
Cynomys sp. 4.17
Galago crassicaudatus 4.33
Tupaia qlis 4.33
Delphinapterus leucas 4.33
Ochotona princeps 4.33
Manis pentadactyla 4.33
Bos taurus 4.50
Sus scrofa 4.50
Dasypus novemcinctus 4.67
Petrodromus sultan 4.67
Suncus murinus 4.83
Erinaceus europaeus 5.00
Canis familiaris 5.00
Leptonycteris nivalis 5.17
Footnotes to Table 27 (see next page)
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Footnote to Table 27.
1. This is the only antiserum used in this study where 
the host is an opossum (Didelphis virqiniana).
2. Note that no grouping statement was applied with this
antiserum as was done with chicken antisera because 
there were too few species used.
3. The 5 decimals are of course insignificant (especially
when many are identical), but they are presented here
to be consistent with the other antigenic distance 
tables. Section A.3 under RESULTS provides additional 
details.
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all the four paenungulate taxa are close to each other.
Note that the species in this table were not grouped as 
was done with the previous tables, because there were too 
few species to be grouped. In addition, this is the only 
antiserum with this host, and therefore the construction of 
a dendrogram with one antiserum is not possible. Also, some 
species in this table have identical antigenic distances; 
this resulted from the meager sample size and the overall 
network of comparisons involved.
An important difference between this table and all 
other paenungulate tables is that the perissodactylan 
species (in this case Tapirus terrestris and Equus caballus) 
are closer to the top of the table than with corresponding 
results obtained with chicken antisera. The artiodactylan 
species (Bos taurus and Sus scrofa), on the other hand, are 
listed further below in this table. One possible explana­
tion for this difference may be due to the fact that the 
host (the opossum) is a mammal and may share some antigenic 
similarities with Paenungulata and Ungulata, whereas the 
chicken being an avian is equally distant from all mammals, 
a fact which may influence the results and show these dif­
ferences (see also under section B.l.2.2. under METHODS, and 
Keast et al., 1975). Alternatively, the observations made 
with this antiserum are real phenomena, i.e., Paenungulata 
and Perissodactyla are closely related.
203
A.4. SUMMARY, IMMUNODIFFUSION RESULTS, PAEN
Data presented in this study are based on 2,258 im­
munodiffusion comparisons among 101 mammalian species, 
representing 22 families and/or orders. A total of 16 an­
tisera were employed; these include chicken anti-albumins, 
chicken anti-whole sera, and opossum anti-whole serum. 
Results are presented in Tables 7 through 27 and in 
Figs. 18, 19G-L, 20-22, and Figs. 23-27. Results show that 
within Eutheria the following are more well-founded branch­
ing arrangements than other possibilities: {1) close
similarities among the Paenungulata (PAEN = Proboscidea, 
Tubulidentata, Hyracoidea and Sirenia), (2) close similarity 
between Carnivora and Pholidota, (3) very close similarity 
between Cetacea and Artiodactyla, (4) distant similarity 
between Paenungulata and Ungulata (Artiodactyla and Peris­
sodactyla), (5) similarity between Primates and Scandentia 
[not so strong associations as in 1-3 above, because an­
tibodies were made only against Primates (anti Homo sapiens) 
and only against albumin].
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Figure 27, Portion of trees of PAEN (Paenungulata) based 
on immunodiffusion results of albumins (A) and whole sera 
(B). Key as for Fig. 23.
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The order of serological relationships within PAEN 
based on albumin results is different from that which is 
based on chicken antisera to whole sera (Fig. 27). That is, 
Proboscidea and Sirenia joined first, and the resultant 
branch was then joined by Tubulidentata and Hyracoidea, 
respectively (cf. results presented in Fig. 23 and Fig. 24). 
These differences stem from the total number of species 
compared with each antiserum and the overall network of 
comparisons. Whole sera results, which incorporate several 
proteins, are better founded than purified albumin results 
that are based on a single protein. The author believes 
that these differences among the living paenungulate taxa
based on IMDFN are not so important as the fact that the
four orders appear to share a monophyletic origin (cf.
results of de Jong et al., 1981; and Rainey et al., 1984).
The groupings depicted in the three dendrograms 
(Figs. 23, 24 and 26) are by no means final; they are in­
tended to provide an indication of the prevailing 
hypothesis. One must keep in mind that the results obtained 
with antisera to whole sera are more reliable than the 
results obtained with antisera to purified proteins because 
they are based on multiple proteins, while results obtained 
with antisera to a purified albumin are not so reliable, 
because they are based on one protein.
Data presented in Table 27 (opossum anti-Procavia
capensis whole serum) corroborate the antigenic similarities 
among the paenungulate taxa. The order of branching pat­
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terns within the superorder is not so important as the fact 
that all four orders appear to be of a monophyletic origin.
B. RESULTS OBTAINED FROM AMINO ACID SEQUENCES
B.l. GENERAL
Phylogenetic reconstruction based on amino acid se­
quences of alpha and beta hemoglobin chains (Fig. 28) agrees 
on the whole with the branching pattern of vertebrate 
phylogeny hypothesized by paleontologists (e.g., Romer, 
1966; Colbert, 1982). In this figure, Aves and Crocodilia 
group with Mammalia as their sister class. This Amniota 
branch joins Amphibia, and the resultant Tetrapoda groups 
with Teleostei, with Elasmobranchii serving as the outgroup 
of the tetrapods and teleosts. Within Mammalia (Fig. 28), 
infraclass groupings are also in accordance with most 
workers (Gregory, 1910; Simpson, 1945; Romer, 1966; McKenna, 
1975; Lillegraven et al., 1979). That is, Eutheria and 
Metatheria (Marsupialia) join together and the resultant 
Theria then groups with Prototheria (Monotremata). Figure 
29 (the "best tree") and the 2294 NR tree (not shown, see 
Table 28) depict six major branches within the infraclass 
Eutheria at increasing distances from the eutherian an­
cestral node: Edentata, condylarth derivatives, Rodentia, 
Carnivora-Insectivora; Lagomorpha-Chiroptera-Scandentia, and 
Primates. The condylarth derivatives represented here are 
Ungulata (Artiodactyla and Perissodactyla), Cetacea, and 
Paenungulata (Proboscidea and Hyracoidea). Amino acid se-
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guence results presented in this section are from Shoshani 
et al. (1985a).
B.2. THE PAENUNGULATA
Within the condylarth derivatives, the paenungulate 
orders Proboscidea and Hyracoidea group together, forming a 
relationship supported by other workers (Clark and Sonntag, 
1926; Simpson, 1945; Romer, 1966; Thenius, 1969; Shoshani et 
al., 1981; de Jong et al., 1981; Novacek, 1982). Based on 
the present data of alpha and beta hemoglobin sequences, it 
appears that the grouping of Proboscidea and Hyracoidea is 
firmly founded, for if we join Hyracoidea to Perissodactyla 
(an hypothesis proposed by, e.g., Whitworth, 1954 and 
McKenna, 1975), it costs 14 additional NRs. However, if we 
join the branch of Proboscidea and Hyracoidea (as one unit) 
to Perissodactyla, it costs only 3 additional NRs 
(Hypotheses No.'s 3a and 3b in Table 28).
Since this study was completed in 1984, Kleinschmidt et 
al. (1986) conducted the amino acid sequencing of alpha and 
beta hemoglobins of Trichechus inunquis (Sirenia) and other 
species. In their analysis of the accumulated data, 
Proboscidea, Sirenia, and Hyracoidea showed close 
relationship (see also under DISCUSSION).
B.3. OTHER MAMMALIAN TAXA
Results presented here are in a sequence for taxa 
depicted in Fig. 29, starting with the root of the Eutheria
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to Primates (excluding the Paenungulata, as was presented in 
the preceding section). No mention is made here of results 
of monotypic taxa or branches with few species, unless they 
are of specific interest. The position of the order Eden­
tata as the most ancient branch of Eutheria (Fig. 29) is a 
view agreed upon by recent workers (see McKenna, 1975, for 
cladistic analysis, and Honacki et al., 1982, for mammalian 
classification). The condylarth branch as presented in 
Fig. 29 is oversimplified; the complete tree depicted 
Cetacea (represented by Tursiops trunctatus) closer to 
Bovidae than other artiodactylan species and Sus scrofa as 
being a sister-group to the branch containing Artiodactyla, 
Cetacea, and Perissodactyla. The results within the con­
dylarth branch and those of the lowest NR length tree (Table 
28, hypothesis 2) suggest that Cetacea is more closely 
similar to Artiodactyla than to any other order. Anatomical 
skeletal data further suggest that the order Cetacea has its 
origin within the mesonychid condylarths and is more closely 
related to Artiodactyla than to other mammalian taxa (see 
detailed discussion on the neontological and paleontological 
evidence in Barnes and Mitchell, 1978, and comments in 
Savage and Russell, 1983).
Alternative phylogenetic hypotheses to that of the 
"best" tree (Figs. 28 and 29) are listed in Tables 28 and 
29; note that these tests of hypotheses were based on a 
complete phylogenetic tree of the Eutheria (see Appendix K 
for list of species). For example, it would be more par­
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simonious (by 2 NRs) to exclude Sus scrofa from the Ar­
tiodactyla and to include Tursiops trunctatus (Cetacea) 
within the Artiodactyla. Within the Perissodactyla, the 
joining of Tapirus and Ceratotherium in one branch is 
cheaper by 5 or 4 NRs than if we originated Tapirus or 
Ceratotherium separately from the rest of the Perissodac­
tyla .
The position of the order Rodentia in Fig. 29 proved to 
be weakly founded because the score of the tree was raised 
by only two or three NRs on testing other positions for 
Rodentia (see Table 29 and Fig. 30).
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Table 28. NR lengths of trees representing hypotheses on 
phylogenetic relationships among major eutherian groupings.
RELATIONSHIPS(S) LENGTH
1. As represented in Fig. 29 2298
2. As in Fig. 29 but changes were made within 
Rodentia (see Table 29, B.4), Carnivora and Aves
2294
3. As in Fig. 29 but with:
a. Hyracoidea joined to Perissodactyla branch
b. Paenungulata (Proboscidea and Hyracoidea) 
branch joined to the Perissodactyla branch
2312
2301
4. As in Fiq. 29 but with Lagomorpha (Oryc- 
tolaqus) situated between Edentata and the 
branch of Ungulata-Cetacea-Paenungulata 2307
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Table 29. NR lengths of trees representing hypotheses on the 
intra-ordinal and inter-ordinal relationships of Rodentia.
RELATIONSHIP(S) LENGTH
A. Among mammalian orders
1. As represented in Fig. 29 and Fig. 30A 2298
2. As represented in Fig. 29 but changes were 
made to join Rodentia to Edentata (Fig. 30B) 2300
3. As represented in Fig. 29 but changes were 
made to join Rodentia to Lagomorpha (Fig. 30C) 2301
B. Within Rodentia
1. As represented in Fig. 29 and Fig. 31A 2298
2. As represented in Fig. 29 but with the fol­
lowing chanqes: Rattus-Mus branch joins Ondatra- 
Spalax branch then is joined by Cavia (Fiq. 31B) 2305
3. As represented in Fig. 29 but with the fol­
lowing chanqes: Rattus-Spalax branch joined 
successively by Mus, Ondatra, and Cavia 
(Fig. 31C)
2304
4. As presented in Fig. 29 but with the fol­
lowing chanqes: Rattus-Mus branch joins Spalax, 
then is joined by Cavia-Ondatra branch 
(Fig. 31D)
2295
67 153
88 |20
400
300
200
100
Jo
MyBp
l i i
Figure 28. Maximum parsimony tree based on amino acid sequences of alpha and beta 
hemoglobin chains of 83 vertebrate species. Augmented NR values are the numbers shown on 
the links. The mammalian infraclass Eutheria (58 species) is shown in detail in Fig. 29 
[this and the next three figures are after Shoshani et al., 1985a}.
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Figure 30. Alternative phylogenetic positions of Rodentia 
within Eutheria. Fig. 30A is a condensed version of 
Fig. 29, and Figs. 30B and 30C are simplified relationships. 
OE ■ other Eutheria, R ■ Rodentia, CD ■ condylarth deriva­
tives, E ■ Edentata, P * Primates, L ■ Lagomorpha, C * 
Chiroptera, T ■ Tupaiidae.
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Figure 31. Alternative relationships among five rodent 
species: R = Rattus rattus, M = Mus musculus, 0 Ondatra
zibethicus, S ■ Spalax ehernberqi, C ”= Cavia porcellus. 
Numbers represent lengths of the total trees. Fig. 31A is 
the "best" phylogenetic branching arrangement, while 
Fig. 31D is the most parsimonious (cf. Table 29B.).
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The most parsimonious of the phylogenetically accepted 
trees among the five rodent species (Fig. 29) depicts the 
Rattus-Mus branch as sharing a first common ancestor at in­
creasingly older times with Ondatra. Spalax and Cavia, 
respectively. Testing other phylogenetic alternatives 
within the Rodentia shows that only one other alternative 
yields a tree of lower NR length (Fig. 31); in this alter­
native Rattus-Mus joins Spalax, and then this branch is 
joined by a Cavia-Ondatra branch (see Hypothesis B4 in Table 
29 and Fig. 31D). This latter hypothesis, however, strongly 
violates generally accepted views on rodent phylogeny 
(Levine and Moody, 1939; Simpson, 1945; Romer, 1966; Car- 
leton, 1984; Carleton and Musser, 1984). Followers of these 
views consider Ondatra (family Arvicolidae) as a myomorph, 
not a hystricognath rodent. Traditionally, Ondatra 
zibethicus (muskrat) is placed in the family Cricetidae, 
subfamily Microtinae, tribe Microtini (Simpson, 1945), but 
recently it has been placed in a different family, Ar­
vicolidae, along with other microtine rodents (Honacki et 
al., 1982). The sample size among the Rodentia is small, 
and additional sequences of rodent species are needed for 
more accurate parsimony reconstructions. (Note, however, 
that two additional species, Mesocricetus auratus and Sper- 
mophilus mexicanus. were incorporated in the analysis at the 
conclusion of this study; see also Notes Added In Proof in 
Shoshani et al., 1985a.) Nevertheless, based on the data 
available, it appears that the divergence exhibited in the
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morphology of the microtine rodents may also be manifested 
in the amino acid sequences of alpha and beta hemoglobin.
The literature on relationships among carnivores (e.g., 
Leone and Wiens, 1956; Pauly and Wolfe, 1957; Romer, 1966; 
Sarich, 1969, 1975; and Tedford, 1976) reveals a wide range 
of possibilities for branch clustering within Carnivora, 
provided members of Feloidea are not grouped with members of 
Canoidea. Therefore, relationships within Carnivora were 
rearranged (in the complete tree) in a 2294 or lowest NR 
length tree (compare Hypothesis No. 2 to No. 1 in Table 28).
Branching arrangements within the primates are in 
general agreement with most workers in the field (e.g., Dene 
et al., 1976; Sarich and Cronin, 1976; Goodman and Cronin 
1982). Among the primate species, Tarsius is grouped with 
the higher primates (semi-order Haplorhini) rather than 
being an intermediate semi-order (Tarsiiformes) between the 
lower primates (semi-order Strepsirhini) and the higher 
primates (semi-order Anthropoidea); see classification of 
Primates on Goodman and Cronin (1982) and Beard et 
al. (1976) for further details.
A sister-group to primates includes the branch of 
Lagomorpha, Chiroptera, and Tupaiidae. The latter 
(represented by Tupaia qlis) is traditionally grouped with 
Primates (see Simpson, 1945), while the orders Primates, 
Dermoptera, and Chiroptera are grouped in the superorder 
Archonta (see Gregory, 1910; Dene et al., 1978; Luckett, 
1980a).
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B.4 EVOLUTIONARY RATES
Evolutionary rates were calculated based on complete 
trees of Figs. 28 and 29; they are presented as NR%, i.e., 
NRs per 100 codons per 100 million years. The NR% values 
shown in Table 30 clearly demonstrate alternating fast and 
slow rates of hemoglobin evolution from the teleost-tetrapod 
ancestor along the line of descent to Homo sapiens. Table 
31 also shows uneven rates of evolution for the Rodentia, 
with the line leading to Cavia porcellus evolving 2.3 times 
faster than the branch of myomorph rodents. A larger con­
trast is observed when we compare evolutionary rates of the 
murids Rattus rattus and Mus musculus (73.17 vs 17.42, 
respectively); the former evolved 4.2 times faster than the 
latter (this faster rate resulted largely from a highly 
divergent Rattus alpha hemoglobin sequence).
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T a b l e  30. R a t e s  of e v o l u t i o n  f r o m  t e l e o s t - t e t r a p o d  a n ­
c e s t o r  a l o n g  t h e  l i n e  of d e s c e n t  t o  H o m o . (l)
Evolutionary Period
Age
mybp
a + 3 
Hb NR%
Teleost-Tetrapod ancestor to Amniote 
ancestor
400-300 17
Amniote ancestor to Eutherian ancestor 300-90 11
Eutherian ancestor to Anthropoidea 
ancestor
90-40 37
Anthropoidea ancestor to Homo-Pan 
ancestor
40-5 8
Homo-Pan ancestor to Homo sapiens 5-0 0
Footnote to Table 30.
1. Note that the paleontological dates mybp as given for 
this table may/will change as new material is being 
discovered. This is particularly true for the origin 
of Eutheria [here presented as 90 mybp; in other 
tables, e.g., Table 35, this date is more recent (85 
mybp)]. According to McKenna (pers. comm., 1986), 
ancestors of Eutheria may date back in the fossil 
record to 105 mybp instead of 85 or 90 mybp. When we 
incorporate this new paleontological date of 105 mybp 
in the rate calculations, the rate of NR or EC would 
decrease for the period from 90 mybp to the present 
while it would increase for the period from 90 mybp 
to 400 mybp.
220
T a b l e  31. R a t e s  of e v o l u t i o n  f r o m  e u t h e r i a n  to
r o d e n t  a n c e s t o r  to M u s  a n d  R a t t u s .  ( 1 )
Evolutionary Period
Age
mybp
a + e 
Hb NR%
Eutheria ancestor to Rodentia ancestor 90-65 43
Rodentia alonq Cavia porcellus branch 65-0 59
Rodentia alonq Spalax ehrenberqi branch 65-0 19
Rodentia alonq Ondatra zibethicus branch 65-0 29
Rodentia along Myomorpha branch 65-0 26
Rodentia ancestor to Rattus-Mus ancestor 65-20 19
Rattus-Mus ancestor to Rattus rattus 20-0 73
Rattus-Mus ancestor to Mus musculus 20-0 17
1. See note to Table 30.
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T a b l e  32. R a t e s  of e v o l u t i o n  f r o m  e u t h e r i a n  a n c e s t o r  t o
a n c e s t o r s  of e u t h e r i a n  o r d e r s  t o  t h e  p r e s e n t .  ( M
Evolutionary Period
Age 0 + 0
mybp Hb NR%
Eutheria ancestor to Perissodactyla 90-55 41
ancestor
Perissodactyla ancestor to the present 55-0 15
Eutheria ancestor to Rodentia ancestor 90-65 43
Rodentia ancestor to the present 65-0 32
Eutheria ancestor to Insectivora 90-65 50
ancestor
Insectivora ancestor to the present 65-0 26
Eutheria ancestor to Carnivora ancestor 90-65 59
Carnivora ancestor to the present 65-0 16
Eutheria ancestor to Primates ancestor 90-65 40
Primates ancestor to the present 65-0 20
1. See note to Table 30.
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Comparing the evolutionary rates among eutherian taxa 
as shown in Table 32 one finds that the average NR% value 
for the time period from the ancestor of Eutheria to each 
ordinal ancestor to its present day descendants is roughly 
43 NR% compared to 23 NR%. Thus, a marked acceleration of 
rates in the early Eutheria (the preceding Amniota to 
Eutheria ancestor rate being only 11 NR%, see Table 30) is 
followed by sharply decelerated rates during the Tertiary. 
The highest NR% average rate for a eutherian order was that 
of Rodentia (32 NR%) and the lowest that of Perissodactyla 
(15 NR%) (Table 32). The steepest deceleration occurred 
within the primates on the line to Homo; this rate fell 
during the last 40 million years from 8 NR% to 0 NR%.
B.5. SUMMARY OF RESULTS
The present body of hemoglobin amino acid sequence data 
is helping to elucidate the phylogeny of Primates and other 
eutherian orders but does not constitute a sufficient 
statistical sample of sequences and species to place Roden­
tia decisively within Eutheria. Of particular interest to 
this study is the close propinquity of Proboscides to 
Hyracoidea and the grouping of them to Ungulata and Cetacea, 
all of which are condylarth derivatives. The evolutionary 
rate demonstrates that accelerated evolution occurred during 
the initial burst of eutherian cladogenesis, and then uneven 
decelerated evolution occurred in most descending lineages 
with rodents tending to have faster rates than other mam­
mals.
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C. RESULTS OBTAINED FROM OSTEOLOGY 
C.l. THE PAENUNGULATA 
C.1.1. Results £rom non-dental osteological characters 
C.l.1.1. General
Figure 32 summarizes the morphological results; it is 
one of the most parsimonious cladograms. Letters A-E at the 
top of this figure represent the five major clades of the 
infraclass Eutheria. Letters a-z at the nodes in the 
cladogram refer to associated synapomorphic characters for 
these branching points, see Table 33 for listing. The 
splitting times of taxa (scale on right is in million years 
before present = mybp) were obtained either for the oldest 
record of the specific taxon examined or the maximum pos­
sible divergence time. Information was taken from museum 
records or the literature (e.g., Romer, 1966; Novacek, 1982; 
Savage and Russell, 1983). Condylarthra is a union of three 
genera (Phenacodus, Arctocyon, and Mesonyx) treated by 
recent workers as representatives of three different orders 
Condylarthra, Arctocyonia, and Acreodi respectively (see 
Savage and Russell, 1983:22 and 25); these genera were 
grouped here mostly because of missing data.
C.l.1.2. Equally parsimonious solutions
A total of 18 equally parsimonious solutions (EPS) was 
generated by the computer programs; three of these solutions 
are indicated by the trichotomy at branch e in Fig. 32. 
Thus: (i) Edentata can join the rest of Eutheria, leaving
Pholidota as an outgroup to the rest of Eutheria, (ii)
Mybp
Figure 32. One o£ the most parsimonious cladograms for ordinal relationships within 
Mammalia (Reptilia and Cynodontia serve as outgroups) based on non-dental morphological 
characters. Letters A-E at the top represent major clades for easy reference; letters a-z 
at the branching points refer to synapomorphic characters (see Table 33). See text for 
other equally parsimonious solutions. Mybp = million years before present. Inset 
represents the next best alternative hypothesis supported by other workers (e.g., McKenna, 
1975, and pers. comm.; Novacek, 1982). [Modified after Shoshani, 1986::229.]
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Table 33. Synapomorphic, non-dental osteological charac­
ters examined as evidence in support of the hypothesis 
shown in Fig. 32. Letters (a-z) refer to branches on
the cladogram in Fig. 32. (l)
(a): CYNODONTIA-MAMMALIA:
1. Occipital condyle: double {1,3,Y} see * in footnote No. 1
2. Temporal fenestra: non-anapsid {6,188,N}
3. Infraorbital foramen and/or canal (or their homologous 
structures): present {4,132,Y}
4. Jugular foramen: pierces exoccipital and basioccipital 
(or only basioccipital) on ventral of cranium {6,174,N}
5. Cervical vertebrae: 7 {2,53,Y}
6. Phalangeal formula: 2-3-3-3-3 {1,7,Y}
(b): MAMMALIA:
1. Squamosal-dentary contact: present {1,1,Y}
2. Ear ossicles: well developed {1,2,Y}
3. Temporal fenestra: modified synapsid {6,187,N}
4. Ethmoid foramen: present {5,157,Y}
5. Frontal emissary foramen: present {5,143,Y}
6. Postorbital bone: absent {5,150,N}
7. Postorbital bar: incomplete {5,153,N>
8. Braincase: wide as viewed dorsally {1,13,N}
9. Dentary: alone contributes to half of mandible {1,4,Y}
10. Cervical ribs: absent {1,5,Y}
11. Scapular spine: developed {1,6,Y}
12. Humeral entepicondylar foramen: present {2,72,Y}
13. Ulna-lunar contact: absent {2,73,N}
(c): MARSUPIALIA-EUTHERIA:
1. Pre- and post-frontal bones: absent {1,8,N}
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2. Postglenoid foramen: present {6,176,7}
3. Coronoid process of dentary: project dorsal to margin of 
zygomatic arch {2,49,7}
4. Interclavicle, precoracoid and coracoid: absent {1,9,N}
5. Transverse process on thoracic vertebrae: present 
{1,10,7}
6. Humeral lateral condyle: articulates only or mostly with 
radius {2,68,7}
7. Astragalar head: globular (2) {3,102,7}
8. Digit III: largest {3,84,7}
9. Metacarpal and metatarsal distal articulating surfaces: 
present {3,85,7}
(d): EUTHERIA:
1. Septomaxilla bone: absent (3) {1,39,N}
2. Optic foramen: separate (not confluent with orbital 
fissure and/or other cranial foramina) {5,159,N}
3. Mandibular symphysis: fused {2,51,7}
4. Femur-fibula contact: absent {3,94,N}
6. Embryonic trophoblast: present (4) {1,33,7}
7. Chorioallantoic placenta: present {1,34,7}
8. Intrauterine gestation: prolonged {1,35,7}
9. Ureters: pass lateral to derivatives of Mullerian ducts 
{1,36,7}
10. Cerebral hemispheres: enlarged {1,37,7}
11. Corpus callosum: present {1,38,7}
(e): This is a trichotomy. See text under "Equally parsi­
monious solutions" (EPS). Synapomorphies for 
Edentata and Pholidota are:
1. Incisive foramina: formed by premaxillae and little or 
none by maxillae {4,120,7}
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2. Zygomatic arch: incomplete {1,22,H}
3. Mandibular condyle: oriented antereo-posteriorly or 
almost roundish ■, see x3 {2,46,D}
4. Astragalar head: concavo-convex (*) {3,105,N}
Note: synapomorphies for Pholidota and the rest of
Eutheria include: dl, h2, ml, t2, and xl; for Edentata and
the rest of Eutheria: m2, m4, and s2.
(C): Clades B, C, D, and E:
1. Stapes: horseshoe-shaped, large basal perforation and 
arched crura (*) {1,40,Y}
2. Clavicle: absent {2,61,N}, see however s4
(g): Clade B:
See text under EPS for alternatives within this clade.
1. Frontal emissary foramen: absent {5,143,N}
2. Mandibular foramen: ventral to alveoli line of cheek 
teeth ■, see zll {7,208,N}
3. Scapula: infraspinous fossa larger than supraspinous 
fossa ■, see r5, w3, zl3 {2,62,7}
4. Humeral entepicondylar foramen: absent ■, see r7, zl4 
{2,72,N}
5. Ulna-lunar contact: present {2,73,Y}
(h); PAENUNGULATA, in part, of Simpson (1945):
1. Premaxillary canal: present (‘) ■, see n l , vl {4,119,Y}
2. Maxilla: contributes to rim of orbit (i.e., wedged 
between lacrimal and jugal) ■, see ul {5,146,Y}
3. Secondary external acoustic meatus: incomplete (7)
{7,197,D}
4. Alisphenoid canal: present ■, see x2 (') {6,165,Y}
5. Postglenoid process: present ■, see tl (*) {2,43,Y}
6 . Jugal foramen: present ■, see r2, si {4,134,Y}
228
T a b l e  33 ( c o n t i n u e d )
7. Humeral lateral condyle: distal end articulates equally 
with radius and ulna {2,69,Y}
8 . Thoracic vertebrae: 19 plus (') {2,54,Y}
9. Astragalar head: with short neck, semi-circular {3,106,N}
(i): TETHYTHERIA of McKenna (1975 and pers. comm., 1985):
1. Carpal bones: serially arranged (’) {3,75,Y}
2. Foramen magnum: formed by basioccipital and exoccipitals
■, see r3 {7,205,N}
3. Angular process of dentary: vestigial ■, see r4 {2,48,N}
4. Scapular acromion process: short or absent ■, see q2 
(2,66,N)
5. Pisiform: flat antereo-posteriorly, broad contact with 
cuneiform {3,77,Y}
6 . Jugal bone: participates in mandibular fossa (') ■, see 
v7 (7,190,Y}
7. Coronoid canal: present (*) {7,207,Y}
(j):
1. Postglenoid process: absent •, see h5 {2,43,N}
2. Coronoid process of dentary: axis is perpendicular to, or 
forms an acute angle with, molar alveoli {2,45,D}
3. Coronoid process of dentary: does not project dorsal to 
margin of zygomatic arch ■, see o4, y5 {2,49,N}
4. Astragalus-cuboid contact: absent ■, see u5 {3,109,N}
(k): Note: It costs only 2 additional evolutionary changes
to join Proboscidea to Desmostylia in support of the
hypothesis of Domning et al. (1986):
1. Naso-facial region: retracted (=elevated external naris) 
{1,14,Y}
2. Premaxilla-frontal: wide contact at, or posterior to, 
middle of orbit {1,16,D}
3. Position of orbit: forwardly (anterior to molars)
{1,18,Y}
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4. Squamous portion of zygoma: extends much laterally 
{2,42,Y}
5. Secondary external acoustic meatus: complete (7)
{7,197, Yj
6. Hypoglossal foramen: confluent with jugular foramen 
{7,204,N}
7. Mastoid foramen: present ■, see m2 {7,193,Y}
8. Coronoid process of mandible: anterior end extends for­
wardly into labial molar-premolar region {2,52,Y}
9. Patella: roundish, approximately ball-shaped ■, see o5 
{3,95,Y}
(1):
1. Nasolacrimal foramen: absent {4,135,N}
2. Jugal foramen: absent •, see h6 {4,134,N}
3. Jugal: does not participate in mandibular fossa •, see i6 
{7,190,N}
4. Ethmoid foramen: absent {5,157,N}
5. Sphenofrontal foramen (=sinus canal): present ■, see s2 
{5,161,Y}
6. Digit III: not the longest ■, see s8 {3,84,N}
(m): Clades C, D, and E:
See text under EPS for alternative arrangements.
1. Mesethmoid bone: present (3) {1,41,Y}
2. Mastoid foramen: present ■, see k7 {7,193,Y}
3. Thoracic vertebrae: 14 or less {2,54,D}
4. Femoral third trochanter: present {3,91,Y}
5. Astragalus: globular head, neck distinct, keels developed 
f )  {3,107,N}
(n): Clade C: (10)
1. Premaxillary canal: present ■, see hi, vl {4,119,Y}
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2. Nasolacrimal foramen: 2 foramina present ■, see v2 
{4,135,H}
3. Transverse canal: present ■, see 28 {6,169,7}
4. Petrotympanic fissure: present ■, see z9 {6,173,7}
5. Postparietal-postsquamosal foramina: 2-4 or more 
{6,180,H}
6. Astragalar foramen: present (•) {3,101,7}
(o): See text under EPS for alternative arrangement:
1. Lacrimal bone: facial flange large {1,20,0}
2. Supraglenoid foramen: present {6,177,7}
3. Mandibular foramen: dorsal to alveoli line of cheek teeth
{7,208,7}
4. Coronoid process of dentary: does not project dorsal to 
margin of zygomatic arch ■, see j3, y5 {2,49,N}
5. Patella: roundish, approximately ball-shaped ■, see k9 
{3,95,7}
(p):
1. Femoral patellar keels: medial is knobby {3,93,7}
2. Tibia-fibula: fused proximally and/or distally ■, see x4 
{3,96,7}
3. Metacarpals and metatarsals: keels present on distal 
articulating surfaces {3,86,7}
4. Digits on manus and pedes: less than 5, even number on
either or both appendages ■, see y7 {3,83,7}
5. Astragalar groove: deep ■, see x5 {3,100,7}
( q ) :
1. Supraorbital foramen: present ■, see v4 {5,142,7}
2. Scapular acromion process: short or absent ■, see i4 
{2,66,N}
3. Humeral intertubercular groove: deep, almost semi­
circular {2,67,7}
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4. Thoracic vertebrae: 15-18 (*) • , see m3 {2,54,N}
5. Digits on manus and pedes: less than 5, odd number on
either or both appendages {3,83,N}
6. Astragalar foramen: absent •, see n6 {3,101,N}
7. Astragalus: non-globular head •, see m5 {3,107,Y}
(r): UNGULATA:
1. Mesethmoid bone: absent (3) • , see ml {1,41,N}
2. Jugal foramen: present ■, see h6, si {4,134,Y}
3. Foramen magnum: formed by basioccipital and exoccipitals 
■, see i2 {7,205,N}
4. Angular process of dentary: vestigial " ,  see i3 {2,48,N}
5. Scapula: infraspinous fossa larger than supraspinous 
fossa ■, see g3, w3, zl3 {2,62,Y}
6. Humeral lateral and medial condyles: distal ends 
articulate almost exclusively with the radius {2,70,Y}
7. Humeral entepicondylar foramen: absent ■, see g4, zl4 ,
{2,72,N}
8. Ulna and radius: fused {3,74,Y}
(s): Clades D and E:
See text under EPS for alternative arrangements.
1. Jugal foramen: present ■, see h6, r2 {4,134,Y}
2. Sphenofrontal foramen (=sinus canal): present ■, see 15 
{ 5,161,Y}
3. Mandibular symphysis: not fused •, see d3 {2,51,N}
4. Clavicle: present •, see f2 {2,61,Y}
5. Humeral supratrochlear foramen: present {2,71,Y}
6. Femoral third trochanter: at proximal end of bone 
{ 3,92,Y}
7. Tibia and fibula: extensively fused especially along dis­
tal and medial shafts {3,97,D}
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8. Digit III: not the longest ■ , see 16 {3,84,N}
(t): Clade D:
1. Postglenoid process: present ■, see h5 {2,43,Y}
2. Scaphoid and lunar: fused {3,76,Y}
3. Baculum: present {3,89,Y}
(u) :
1. Maxilla: contributes to rim of orbit (i.e., wedged 
between lacrimal and jugal) ■, see h2 {5,146,Y}
2. Mandibular symphysis: fused •, see s3, d3 {2,51,Y}
3. Fibula-calcaneum contact: absent {3,98,N}
4. Astragalus-cuboid contact: absent ■, see j4 {3,109,N}
(v): Note: It costs only 3 evolutionary changes to reconcile 
the ARCHONTA hypothesis of Gregory, (1910) with the author's 
morphological data (see Table 34 B2, and Appendix L):
1. Premaxillary canal: present ■, see hi, nl {4,119,Y}
2. Nasolacrimal foramen: 2 foramina present ■, see n2 
{4,135,H)
3. Nasolacrimal foramen: on rim, neither within nor outside 
orbit boundaries {4,136,D}
4. Supraorbital foramen: present ■, see ql {5,142,Y}
5. Post palatine torus: present {1,17,Y}
6. Optic foramen: confluent with opposite side ■, see y2 
{5,160,Y}
7. Jugal: participates in mandibular fossa (') ■, see i6 
{7,190,Y}
8. Stylomastoid foramen: in line with alveoli of cheek teeth 
{7,191,D)
9. Basisphenoid foramen: present (3) {7,201,Y}
10. Hypoglossal foramen: 2-3 foramina ■, see zlO {7,202,D}
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(w):
1. Sphenofrontal foramen (=sinus canal): absent •, see s2 
(5,161,N}
2. Foramen rotundum: confluent with orbital fissure (')
■, see xl {6,164,Y}
3. Scapula: infraspinous fossa larger than supraspinous 
fossa ■, see g3, r5, zl3 {2,62,Y}
4. Fore- and hindlimbs: notably long (12) {1,31,Y}
5. Scapular coracoid process: long and/or large {2,65,D}
6. Ulna and radius: fused (ulna greatly reduced), see r8 
{3,74,Y}
7. "Ossified cartilages": articulate with sternum {2,59,Y}
8. Femoral third trochanter: absent •, see m4 (3,91,N)
(x): Clade E:
1. Foramen rotundum: confluent with orbital fissure ■, see 
w2 {6,164,Y}
2. Alisphenoid canal: present ■, see h4 (6,165,Y)
3. Mandibular condyle: oriented antereo-posteriorly or 
almost roundish ■, see e3 {2,46,0}
4. Tibia-fibula: fused proximally and/or distally ■, see p2 
{3,96,Y}
5. Astragalar groove: deep ■, see p5 {3,100,Y}
(y): ANAGALIDA of McKenna (pers. conun., 1986), see also 
Novacek (1982):
1. Squamosal (dorsal flange): contributes to rim of orbit 
{5,149,Y}
2. Optic foramen: confluent with opposite side ■, see v6 
{5,160,Y}
3. Basioccipital foramen: present (12) {7,200,Y}
4. External auditory meatus: projects almost vertically 
from horizontal plane of cranium {7,195,N}
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5. Coronoid process of dentary: does not project dorsal to 
zygomatic arch ■ , see j3, o4 {2,49,N}
6. Scapula: acromion process - long and thin, neck - long 
and narrow, spine - short (about 2/3 - 3/4 of scapular 
length) {2,64,7}
7. Digits on manus and pedes: less than 5, even number on 
either or both appendages ■, see p4 {3,83,7}
(z): GLIRES of Gregory (1910):
1. Infraorbital foramen: anterior opening in line with ros­
tral end of premolars {4,131,H}
2. Premaxilla-frontal contact: present {1,15,7}
3. Sphenopalatine vacuity: present {5,156,7}
4. Sphenofrontal foramen (=sinus canal): absent •, see s2,
15 {5,161,N}
5. Masticatory foramen: present {6,167,7 or D) (13)
6. Buccinator foramen: present {6,168,D}
7. Foramen ovale: confluent with foramen lacerum medium and/ 
or petrotympanic fissure {6,170,N}
8. Tranverse canal: present ■, see n3 {6,169,7}
9. Petrotympanic fissure: present ■, see n4 {6,173,7}
10. Hypoglossal foramen: 2-3 foramina ■, see vlO {7,202,D}
11. Mandibular foramen: ventral to alveoli line of cheek 
teeth ■, see g2 {7,20B,N}
12. Medial angular process foramen: present (14) {7,209,7}
13. Scapula: infraspinous fossa larger than supraspinous 
fossa ■, see g3, r5, w3 {2,62,7}
14. Humeral entepicondylar foramen: absent ■, see g4, r7 
{2,72,N}
15. Digit III: the longest *, see s8 , 16 {3,84,7}
Footnotes to Table 33 (next page)
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Footnotes to Table 33
1. Because the focus of this study 1s on the ordinal relationships within the class 
Mammalia 1n general, and the Infraclass Eutheria in particular, synapomorphles 
are listed only for categories above the ordinal level. In addition, parai- 
lellsms (■■) and reversals (■•) are only stated for branch d (Eutheria as a 
clade), because of the uncertainties regarding the relationships of the eutherian 
to non-eutherlan taxa examined (and thus 1t is difficult to determine the
polarities of some characters; see also Note No. 2 below).
Unless indicated otherwise, listing of characters for each branching point (a-zi 
Is not In order of Importance but from anterior to posterior, beginning with the 
cranium. A total of 117 characters (counting parallelisms and reversals only
once) 1s listed in this table, a difference of 65 from the 182 mentioned in the
text. These 65 characters appear on ordinal and 1ntra-ordinel branches not 
shown 1n Fig. 32. [Appendix L contains 204 columns, 22 of which are not counted 
as part of the 182 characters mentioned above, but are Included for completeness 
of the data.] Names of skull foramina and some skeletal features are after Cope 
(1B60), Gregory (1910), de Beer (1937), Romer (1956, 1966), Hershkovitr (1962, 
1977), Wahlert (1974), DeBlase and Martin (1981), and references therein. Ad­
ditional references are given at the end of Appendix L to names of characters 
from other sources.
* « The first entry within the braces { } refers to the Folder number in Appendix L, 
the second entry refers to the column ('character) numoer in that folder, and the 
third entry to the letter coded for that character (see Appenoiv L for additional 
deta11s).
2. The complexity of the astragalar characters was discussed in Section C.3.3.2. 
under DISCUSSION (Branch h9. page 318). It suffices here to mention that some 
marsupials display globular astragalar heads while others do not; the shape of 
the distal end and the keels also vary among species. Should one accept the 
hypothesis that Eutheria and Marsupial 1a (and perhaps also Monotremate) share a 
monophyletlc origin, then the position of this character along branch c In 
Fig. 32 1s correct, otherwise 1t may be placed along branch d (synapomorphy for 
Eutheria as a clade). Character distribution and methods of analysis, however, 
resulted In this character being shared-der1ved for branch m (see m5).
3. After de Beer (1937:442) for d1, ml, and ri; and after de Beer (1937, e.g.. Plate 
109, "fh * hypophysial fenestra”) for v9.
4. After Novacek (19B2:14) and references therein. These characters (6-11) are the 
only soft-anetomy features, all the rest are non-dental osteological characters.
5. After Doran (1876) and Novacek (1982:14).
6. Paired. On ventral side of premaxilla between incisive foramen and inter- 
premaxillary foramen, close to midline or on margin (new; see Table 3B and 
Fig. 44).
7. After Osborn (1942:9161.
B. Character distribution and methods of analysis resulted 1h this being a shared- 
derived character for these taxa, even though it may be shared-primitive when 
examined as an independent character for Mammalia. Note that character m5 may be 
included under branch d.
9 .  Characters 1-5 are arranged in order of Importance. Characters 6-7 mai be 
symplesIomorphlc (shared-primitive).
10. Because of missing data, Condylarthra is a union of three extinct genera 
(Phenacodus, Arctocvon. and Mesonvx).
11. After Novacek (1982:14).
12. Paired. On ventral side of basioccipital close to midline, found mostly in
crania of juvenile and subadult specimens (new; see Table 38 and Fig. 46).
13. Letter Y implies that the masticatory and buccinator foramina are separate,
while letter D implies that the two foramina are confluent.
14. Paired. On medial side of dentary at anterior end of mandibular fossa ano
directed anteriorly (new: see Table 38 and Fig. 46).
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Edentata can join Pholidota, or (iii) Pholidota unite with 
the rest of Eutheria, leaving Edentata as the most ancient 
branch of Eutheria [McKenna, 1975, for (iii)]; see other 
hypothesis testings in Table 34. Of the remaining 15 pos­
sibilities, 10 EPS were intra-ordinal (7 within Primates, 2 
within Perissodactyla, and 1 within Rodentia), and the rest 
were inter-ordinal. These 5 inter-ordinal EPS were: (1-2)
changes within clade B in Fig. 32 [(i) Dinocerata and
Embrithopoda joined, (ii) Embrithopoda and Hyracoidea ex­
changed places]; these EPS were not incorporated in Fig. 32 
because evidence from the literature (e.g., Simpson, 1945; 
de Jong et al., 1981; Shoshani et al., 1981) supports the 
relationships shown in Fig. 32; (3) within clade C in
Fig. 32 - Tubulidentata and Pantodonta exchanged places -
not shown in Fig. 32 following the hypothesis suggested by 
McKenna (1975, and pers. comm.); (4) sub-clade Chiroptera- 
Dermoptera-Scandentia joined clade E in Fig. 32; this pos­
sibility is not shown since works of Gregory (1910), McKenna 
(1975), and Dene et al. (1978) indicate close affinity of 
Primates to the Chiroptera-Dermoptera-Scandentia branch 
(Archonta hypothesis of Gregory, 1910; see also Table 34B); 
(5) clades D and C joined; this alternative is not supported 
by any studies; in contrast, relationships shown in Fig. 32, 
or the joining of clades C and B are supported e.g., McKenna 
(1975), Novacek (1982); see Table 34C and Inset in Fig. 32.
C.l.1.3. Hypothesis testing
The testing of alternative phylogenetic hypotheses
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Table 34. Selected hypotheses and their scores of interor­
dinal and higher category relationships within Eutheria. 
Tree lengths are given as evolutionary changes (EC).
RELATIONSHIP(S)
EC TREE 
LENGTHS
A. Testing hypotheses of other workers (2-4):
1 . Condensed version of Fig. 32 (see Fig. 33A) 963
2. Simpson, 1945 (see Fig. 33B) 994
3. McKenna, 1975 and pers. comm, (see Fig. 33C) 982
4. Miyamoto and Goodman, 1986 (see Fig. 33D) 984
B. As in Fig. 32 and 33A but with these changes; 
see text for authorship of these hypotheses:
1 . Pholidota joined to Carnivora 970
2. Primates joined to the branch of 
Chiroptera-Dermoptera-Scandentia 966
3. Tubulidentata joined to extant Paenungulata 
(between Embrithopoda and Hyracoidea) 981
4. Tubulidentata joined to Edentata 972
5. Hyracoidea joined to Perissodactyla 970
6 . Cetacea joined to Artiodactyla 974
C. Inter-clade swapping (letters A-E in Fig. 32):
1 . Successive joining of clades C, D, E, B, and A 963
2 . Clades E and D, and C and B join separately 
and the resultant branches join together 964
3. Clades E and C, and B and D join separately 
and the resultant branches join together 967
4. Successive joining of clades A, D, C, B, and E 969
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against the same data set was conducted as illustrated by 
several examples in Table 34. The results tabulated in Part 
A (hypotheses of other workers) are depicted in Fig. 33. As 
shown, it costs 31 additional evolutionary changes (EC) to 
reconcile the relationships after Simpson (1945) with the 
author's morphological data. Similarly, it costs 19 and 21 
additional EC to reconcile relationships after McKenna 
(1975) and Miyamoto and Goodman (1986), respectively. Other 
tests (Table 34B) were conducted to accommodate current 
thoughts on mammalian phylogeny (more under DISCUSSION).
A more significant test, in terms of major clades 
within Eutheria, would examine inter-clade relationships. 
Stated otherwise, how many EC would be added to the original 
length of the tree if we rearrange the five major eutherian 
clades (A-E, in Fig. 32), such that members of each clade 
remained as a unit while "shuffling"? Table 34C shows that, 
when swapping clades A-E in various combinations, it costs 
between 0-4 additional EC, except when the order of joining 
of clades is reversed, in which case it costs 6 EC. This 
finding - that the phylogenetic positions of members within 
clades are better supported than inter-clade relationships - 
is depicted schematically in Fig. 34. In this figure the 
number of clades (A-E) corresponds to that in Fig. 32, but 
the number of individual taxa within each clade was reduced 
to avoid "overcrowding".
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994
A fter Sim pson [1945].
963
C ondensed  [Eutheria 
only]
982
A fter McKenna [1975 
and Pers. C om m ].
984
A fter M iyamoto and 
G oodm an [l98 fi]
Figure 33. Alternative hypotheses for major branching pat­
terns within Eutheria and their scores as obtained by 
branch-swapping. Part A is a condensed version of Fig. 32; 
terminal taxa "A" through "E" represent major clades in 
Fig. 32. Elsewhere, letters in brackets imply some, but not 
all, members of that clade. Hypotheses tested in B through 
D are those of other authors (cf. Table 34A) [after 
Shoshani, 1986:235].
E U T H E R I A
Figure 34. Schematic representation of Eutheria depicting a working hypothesis support­
ing intra-clade more than inter-clade phylogenetic relationships
(cf. Figs. 2, 32, and 33).
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C.l.1.4. Evolutionary rates
Evolutionary rates were calculated as EC per 100 mil­
lion years. The EC values shown in Table 35A clearly 
demonstrate alternating fast and slow rates of morphological 
evolution from the common ancestor of Cynodontia along the 
line of descent to Pan and Homo. Table 35B provides evolu­
tionary rates for selected eutherian orders over time from 
their common eutherian ancestor, approximately 85 mybp, to 
ancestors of each order (50 to 65 mybp). These rates are 
followed by the rates of each order from its ancestor (50 to 
65 mybp) to the present. Comparisons of these two sets of 
rates show that a distinct acceleration at the base of 
Eutheria (except for Edentata) is followed by a steep 
deceleration during the next 65 million years.
C.l.2. Results from skull foramina/openings
C.l.2.1. Relationships within Mammalia
Examination of skull foramina/openings provided an ex­
cellent opportunity for evaluating relationships on higher 
as well as on lower taxonomic categories. Figures 35-39 
will illustrate this point. In Fig. 35, beginning with the 
pattern shown in (A) (Bottom) note that there are only three 
major openings for the cranial nerves. This pattern of 
skull foramina is found in Reptilia and Cynodontia. In 
Marsupialia and Monotremata (B) the optic foramen is still 
confluent with the orbital fissure, but the foramen rotundum 
and foramen ovale are separate. In all eutherian mammals
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Table 35. Rates of evolution from eutherian ancestor to an­
cestor of selected eutherian taxa to the present. ( M  {*)
EVOLUTIONARY PERIOD
AGE
MYBP
EC Per 
100 MY
A. From Cynodontia ancestor to Pan and Homo
Cynodontia ancestor to Mammalia ancestor 250-200 36
Mammalia ancestor to Eutheria ancestor 200-85* 17
Eutheria ancestor to Anthropoidea ancestor 85-40 60
Anthroooidea ancestor to Homo-Pan ancestor 40-5 37
Homo-Pan ancestor to Pan 5-0 0
Homo-Pan ancestor to Homo 5-0 100
B. From Eutheria ancestor to ancestor of 
selected taxa to the present (1)
Eutheria ancestor to Edentata ancestor 85-60 16
Edentata ancestor to the present 60-0 35
Eutheria ancestor to Proboscidea ancestor 85-55 90
Proboscides ancestor to the present 55-0 27
Eutheria ancestor to Perissodactyla ancestor 85-55 113
Perissodactyla ancestor to the present 55-0 20
Eutheria ancestor to Primates ancestor 85-60 84
Primates ancestor to the present 60-0 23
Eutheria ancestor to Lipotyphla ancestor 85-65 90
Lipotyphla ancestor to the present 65-0 25
Eutheria ancestor to Rodentia ancestor 85-55 120
Rodentia ancestor to the present 55-0 60
Footnotes to Table 35 (next page)
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F o o t n o t e s  t o  T a b l e  35
1. MYBP = million years before present, EC = evolutionary 
change.
* See Note to Table 30.
2. The rates (expressed as EC per 100 my) as given in the 
right column were calculated from augmented link-lengths 
obtained by the computer program of Goodman et al. (1982). 
These link-lengths were not incorporated in Fig. 32 for 
simplicity (see examples in Figs. 28, 29, 40, 42 in this 
dissertation and also Goodman et al., 1982, and Shoshani et 
al., 1985a). The reader can, however, calculate relative 
rates (not exact values as given in this table) by counting 
the number of synapomorphies along a given line in Fig. 32 
and dividing that number by the time for these changes to 
take place (middle column). For example, for Rodentia, the 
number of synapomorphies along the line from branch point e 
to point z is 42 (from Table 33, but excluding synapomor­
phies for e) and the EC per 100 my is 140.0 (85-55=30 and 
42/0.30=140.0). Similarly, for Perissodactyla the EC per 
100 my is 126.6. Details were omitted here; they can be 
obtained from the author.
3. Average EC from Eutheria to a taxon is 70.5.
Average EC from a taxon to the present is 31.6.
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(C-E) the optic foramen is a distinct opening [see letter- 
code "N" in Appendix L, Folder 5, Column 159]; a few 
eutherians have a reverse condition, however. In (C) the 
foramen rotundum is confluent with the orbital fissure; this 
condition is found in: Edentata (part), Insectivora, Der- 
moptera, Chiroptera, Primates (lower), Carnivora (part), 
Cetacea (part), Perissodactyla (part), Tubulidentata, Ar- 
tiodactyla (part), Rodentia, Lagomorpha, and Macroscelidea 
[see letter-code "Y" in Appendix L, Folder 6, Column 164]. 
In (D) the foramen ovale is confluent with the foramen 
lacerum medium and/or the petrotympanic fissure; this pat­
tern is found in: Notoungulata, Pantodonta (part), Cetacea, 
Sirenia, Proboscidea (part), Perissodactyla (part), Ar- 
tiodactyla (part), Rodentia (part), and Lagomorpha [see 
letter-code "N" in Appendix L, Folder 6, Column 170], In 
(E) all five foramina for the cranial nerves are separate 
openings; this condition is found in: Edentata (part),
Scandentia, Primates (higher), non-pinniped Carnivora 
(most), Condylarthra (in the broad sense, most), Dinocerata, 
Perissodactyla (part), and Hyracoidea.
e (I) (B)Cm iv Vt vi)(\D flg)
c (J) (5)(m iv Vi vi
b ®  (H III IV Vi v i) (^ )(\§ )
a (i n m iv Vi vpfing)
Figure 35. Variations in the foramina through which cranial nerves (I through V s) pass 
in Reptilia and Mammal-like Reptiles (A), Monotremata and Marsupialia (B), and Eutherian 
mammals (C-E).
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Pofr
Plr
Pa
Max
Po
Ptr
Max
Fr Ft
Max
Fr
2~Sqd
Max
P~Sqd
Max Sqv
J
Fr - Frontal 
J -Juga l  
L -L a c r im a l
Max - M axil la  
Ptr - Prelrontal 
Po - Postorbital
Potr -P o s t fro n ta l
S q d  -Squam osa l  (Dorsal flange)
S q v  - S q u a m o sa l  (Ventra l flange)
Figure 36. Simplified representation of the orbital open­
ing as viewed from the left side of the skull, showing 8 out 
of 18 possible arrangements of bones contributing to the rim 
of the orbit. Dotted lines indicate that the orbit may be 
enclosed in some taxa represented by this particular bone 
arrangement. A is present in Sphenodon punctatus (Rep- 
tilia), B in Cynodontia, C-H in Mammalia; C in many insec- 
tivores and Tachyqlossus, D-F in many therian families and 
orders, G in Hyracoidea, and H in Lagomorpha and some ro­
dents.
Figure 37. Medial views of right dentaries of mammals depicting positions of the man­
dibular foramen (m.f., arrows) in relation to alveoli line of cheek teeth (ALOCT). A = 
Orycteropus afer (order Tubulidentata), m.f. dorsal to ALOCT; B = Didelphis virqiniana 
(order, Marsupialia), m.f. on same level as ALOCT; C * Marmota monax (order Rodent 1a, sub­
order Sciurognathi), m.f. on same level as ALOCT; D = Hydrochaeris hydrochaeris (order 
Rodentia, suborder Hystricognathi), m.f. ventral to ALOCT. Photograph by K. M. Morehead 
at WSUMNH.
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Figure 38. Crania oC Harapta monax (bottom, WSUMNH No. 3337) and Lepus europaeus (top, 
WSUMNH No. 3944) with a wire in each passing through the common opening of the masticatory 
and buccinator foramina which are shared-derived features for Rodentia and Lagomorpha (see 
branching point z in Fig. 32 and in Table 33). WSUMNH = Wayne State University Museum of 
Natural History.
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Figure 39. Lateral views of mandibulae of Lepus europaeus 
(order Lagomorpha, Top) and Jaculus orientalis (order Roden- 
tia, Bottom), depicting an opening at the base of the an­
gular process [Photograph by K. M. Morehead at WSUMNH].
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Undoubtedly, conditions {C—E ) are derived for Eutheria. 
The question remains, which of them there is the most 
primitive for Eutheria. I believe that either condition (E) 
or (C) are better alternatives than (D).
Figure 36 exhibits a complex relationships of bones 
participating in the formation of the rim of the orbit. In 
this figure as in the previous one, higher taxonomic 
categories can be distinguished, but the variations are too 
many within some orders (e.g., Rodentia). The caption to 
Fig. 36 is purposely simplified, referral to this figure 
will appear later in this dissertation.
The position of the mandibular foramen in relation to 
the teeth alveoli (Fig. 37) proved to be fairly constant, 
that is, on a family level and above. Character states in­
clude: mandibular foramen on the same level, dorsal, or 
ventral to tooth alveoli. Rarely, it happened that two 
species of a genus or two genera of a family exhibited two 
different character states. The selected taxa shown in this 
figure are good examples; thus most marsupial species, 
sciurognath rodents, and hystricognath rodents do exhibit 
the conditions as shown in the photograph (variations within 
the sciurognaths are greater than within the hystricognaths, 
however).
Results based on skull foramina/openings show that, on 
the whole, the vast majority of the mammalian and reptilian 
species grouped in their corresponding natural groupings. 
Phylogenetic relationships as depicted in Fig. 40 cor­
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roborate the Glires hypothesis (of Gregory, 1910) that 
Rodentia and Lagomorpha are more closely related than to 
other orders among mammalian taxa. The synapomorphic 
characters between Rodentia and Lagomorpha are given in 
Table 33, branch z (foramina characters were incorporated 
with the rest of the non-dental characters). Figure 38 il­
lustrates one of these synapomorphies.
Furthermore, results presented here provide evidence 
that, among extant mammals, Macroscelidea is a sister-group 
to Glires. The synapomorphic characters between Macro­
scelidea and Glires are given in Table 33, branch y.
Table 36 includes results of hypotheses testing among 
eutherian taxa. Examination of the hypotheses and their 
scores in this table reveals that indeed in some places the 
eutherian tree is more like a "bush" than a tree. The 
"bushy" part is that section of the tree in which a 
phylogenetic relationship is weakly founded and requires 
only a few EC to exchange branches (Tables 34 and 36).
The close affinity between Rodentia and Lagomorpha is 
firmly founded, for if we test the hypothesis that Lagomor­
pha is closely related to Primates (see Goodman et al., 
1982), we note that it costs 15 EC (hypothesis not shown in 
Table 36). Similarly, the phylogenetic position of 
Tubulidentata where it is closely related to the condylarth 
derivatives (Artiodactyla and Perissodactyla) is more 
strongly founded than if we join the Edentata-Pholidota 
branch to Tubulidentata, a branch swap that costs 9 EC
17 21
1B 142913
1.300
Figure 40. Maximum parsimony, computer 
and other skull openings of 137 species 
in million years before present (Mybp). 
ancestral and descendant nodes or taxa. 
can be roughly equated to synapomorphies 
examined. The Rodentia tree is shown in
generated tree, based on skull foramina, canals, 
(7 Reptilia and 130 Mammalia). Scale on right is 
Numbers elsewhere represent link lengths between 
These link lengths (mostly in their lower range) 
or autapomorphies depending on which branch is 
detail in Fig. 41.
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Table 36. Hypotheses testing of interordinal 
relationships within Eutheria. Tree length are 
given as evolutionary changes (EC).
RELATIONSHIPS)
EC TREE 
LENGTH
A. As represented in Figure 40 ( M 1352
B. As represented in Figure 40, but changes 
were made to join:
1. The Edentata-Pholidota branch to the 
Paenunqulata-Cetacea branch (Zyqorhiza, an ex­
tinct cetacean was grouped outside Cetacea), to 
group Perissodactyla within Artiodactyla, to 
exchange places between Hyracoidea and Probos- 
cidea, and to have changes within Rodentia (see 
Table 37 B.l.) (2)
1342
2. Lagomorpha to Primates (s) 1367
3. Dermoptera-Scandentia branch to Primates (4) 1354
4. Condylarth derivatives together (i.e., the 
Paenungulata-Cetacea branch was joined to the 
Ungulata-Tubulidentata branch) (B)
1353
5. Paenungulata (Desmostylia, Sirenia, Probos- 
cidea, and Hyracoidea) to Tubulidentata (‘)
1355
6. The Edentata-Pholidota branch to Tubuliden­
tata (7)
1361
7. Pholidota to Carnivora (‘) 1356
8. Hyracoidea to Perissodactyla (*) 1355
9. Macroscelidea to Insectivora (’) 1360
Footnotes to Table 36
1. The "best" tree; see text for details.
2. The most parsimonious tree.
3. After Goodman et. al., 1982.
4. After authors in Luckett, 1980c.
5. After Romer, 1966, and others.
6. After de Jong, et. al., 1981; Shoshani et. al.,
7. After earlier workers; see Simpson, 1945.
8. After Whitworth, 1954; McKenna, 1975.
9. After Simpson, 1945, and others.
1981.
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( h y p o t h e s i s  B.6 .  in T a b l e  36).
C.l.2.2. Relationships within Paenungulata
Among the paenungulate orders, Desmostylia (extinct, 
data incomplete) joins Sirenia, and the combined branch is 
then successively joined by Proboscidea (see, however, 
Domning et al., 1986; and Table 33k), Hyracoidea, and 
Cetacea. It would be cheaper by 1 EC if we join Hyracoidea 
to the Sirenia-Desmostylia branch. This alternative was not 
incorporated in the "best" tree for two reasons: first, a 
literature search reveals no Sirenia-Hyracoidea relationship 
but rather a Sirenia-Proboscidea relationship (see for ex­
ample discussion in McKenna, 1975; de Jong, 1981; and 
Novacek, 1982; and others in Table 1), and second, earlier 
members of Sirenia share some foramina characters that later 
sirenian species do not [e.g., presence of alisphenoid canal 
(footnote 8) in Table 33; Domning, pers. comm.]. Inclusion 
of earlier sirenians would have joined the Sirenia- 
Desmostylia branch to Proboscidea [dentally, however, Des­
mostylia and Proboscidea are sister-groups, followed by 
Sirenia (Domning et al., 1986)]. Among the ungulates, Ar- 
tiodactyla and Perissodactyla form one clade, which in turn 
is joined by Notoungulata and followed by Tubulidentata. A 
few observations are apparent: (1) the paenungulate orders 
(Desmostylia, Sirenia, Proboscidea, and Hyracoidea) are 
closely related to each other and all four, as a unit, are 
distinctly separated from Ungulata - Artiodactyla and 
Perissodactyla [see Shoshani et al. (1985a) for discussion
2 5 5
on this observation]; (2) the order Tubulidentata is joined 
to a Condylarth derivative clade, an hypothesis suggested by 
many writers [see discussion in Patterson (1978)], but it is 
not related to the Paenungulata as was proposed by Clark and 
Sonntag (1926), de Jong (1982, 1985) Sarich (1985), and
Shoshani et al. (1981); (3) the order Cetacea is closely 
related to the Paenungulata [both are believed to have 
evolved from the Condylarthra (see Barnes and Mitchell, 
1978, for neontological and paleontological evidence)]; (4) 
the order Condylarthra is paraphyletic, for it appears to 
include parental stocks (=?families) that gave rise to dif­
ferent lineages. The last observation (4) is corroborated 
by the fact that some condylarth families have been elevated 
to ordinal ranking; e.g., Mesonychidae to Acreodi and 
Arctocyonidae to Arctocyonia (see Savage and Russell, 
1983:22 and 25).
C.1,2.3. Relationships within Rodentia
Figure 41 incorporates the most parsimonious biologi­
cally acceptable, branching arrangements among the 44 rodent 
species examined. The "biologically accepted" tree (as 
recommended by C. A. Woods) is less parsimonious by 6 EC 
than another tree (not shown). The more parsimonious of the 
two trees violates two established phylogenies by: (1)
grouping Rhizomys with hystricomorph rodents, and (2) plac­
ing the Ctenodactylus-Petromus branch within the South 
American-West Indies rodent complex, causing Octodon and 
Ctenomys to be outside this complex.
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Relationships observed in Fig. 41 show that, on the 
whole (with the exception of Pedetes), all three major ro­
dent groups defined by Simpson (1945) (Sciuromorpha, 
Myomorpha, and Hystricomorpha) are well delineated. The 
hystricomorph and myomorph branches join each other, and the 
resultant branch is joined by the sciuromorph rodents and 
Pedetes.
For comparative purposes, I include here a phylogeny of 
Rodentia (Fig. 42) with 40 species (as presented at the Ro­
dent Symposium, Paris, France, July 1984) compared to 44 
species as presented in Fig. 41. The most important dif­
ference is the placement of Pedetes capensis outside the 
Rodentia sensu strictu and close to Lagomorpha (with 40 
species, Fig. 42) versus inside Rodentia (with 44 species 
Fig. 41). As will be discussed later E\ capensis is, in the 
view of this author, the most non-rodent species. Other 
differences between Figs. 41 and 42 include better grouping 
of members of the three major suborders of Rodentia (ac­
cording to Simpson, 1945), namely, Sciuromorpha (S in 
Fig. 41), Myomorpha (M in Fig. 41), and Hystricomorpha (H in 
Fig. 41). Alternative hypotheses among the three major ro­
dent branches and their tree-scores are tabulated in Table 
37 and depicted in Fig. 43 (synapomorphies for intra-ordinal 
relationships are not given here).
V ^  ^  Jt V*
Figure 41. Maximum parsimony tree based on skull foramina characters of 44 rodent 
species representing 34 out of the 35 families as listed by Honacki et al., 1982 
ISeleyinndae is not represented; see Appendix L). S = Sciuromorpha, M = Myomorpha, H = 
Hystricomorpha (names of Simpson, 1945). See other alternatives in Fig. 43.
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Figure 43. Alternative hypotheses and their scores as ob­
tained by the maximum parsimony approach. A is a condensed 
version of Fig. 41. In B Pedetes was joined to sciuromorph 
rodents; C and D are alternatives of A. Hystricomorpha 
(=Hystricognathi) excludes those taxa which are bona fide 
Hystricognathi but shown on other branches of the tree, 
likewise for Sciuromorpha (=Sciurognathi). Other alterna­
tives (e.g., Bathyergidae and Ctenomys joined to rest of 
Hystricognathi) were not tested.
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Table 37. Hypotheses testing of intraordinal 
relationships within Rodentia. Tree lengths are 
given as Evolutionary changes (EC).
RELATIONSHIPS)
EC TREE 
LENGTH
A. As represented in Figure 41 (l) 1410
B. As represented in Figure 41, but changes 
were made to join:
1. Rhizomys to hystricomorph rodents, and to 
join the Ctenodactylus-Petromus branch outside 
of the South American-West Indies complex (J)
1408
2. Pedetes to the sciuromorph rodent branch (J) 1427
3. Anomalurus to Pedetes (4) 1431
4. Anomalurus to Pedetes and the resultant 
branch to Ctenodactylus, and all three qenera to 
the root of Rodentia (*)
1439
5. The myomorph and sciuromorph branches 
together, followed by the hystricomorph branch 
and Pedetes (‘)
1432
6. The hystricomorph and sciuromorph branches 
together, followed by the myomorph branch and 
Pedetes (7)
1433
*
Footnote to Table 37
1. The "best" tree; see Fig. 43A and text for details.
2. The most parsimonious tree for Rodentia.
3. See Fig. 43B.
4. As suggested by Simpson, 1945 (?Hystricomorpha incertae 
sedis).
5. Modified after Simpson (1945).
6. As suggested by Carleton, 1984 (general thought, see 
Fig. 43C).
7. As an alternative to hypothesis 4 (see Fig. 43D).
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Sciuromorph Rodents: Based on the available literature, 
branching arrangements within the sciuromorph rodents do not 
violate any established phylogenies. The two sister-groups 
as shown in Fig. 41 are: (1) Sciuridae, Castoridae, and 
Aplodontidae; and (2) Superfamily Geomyoidea (Geomyidae and 
Heteromyidae). These relationships are in general agreement 
with the classification of Simpson (1945), but Carleton 
(1984) classified the Geomyoidea in the infraorder Myomor­
pha, suborder Sciurognathi. Pedetidae (for Pedetes capen­
sis) , with Anomaluridae, were placed by Simpson (1945) in 
?Sciuromorpha incertae sedis [within the superfamily 
Anomaluroidea], while Carleton (1984) classified them in a 
New Infraorder or Infraorder Indeterminate under the subor­
der Sciurognathi. According to C. A. Woods and M. J. 
Novacek (pers. comms.), there is no consensus as to where to 
place Pedetes within Rodentia. Thus, the position of P. 
capensis in Fig. 41 is as valid as any other suggestion. 
See also Remarks by McLaughlin (1984).
Myomorph Rodents: Three of the eight families examined 
in this suborder (Myomorpha of Simpson, 1945) have two or 
three species represented; the other five are represented 
with one species per family. Members of Arvicolidae and 
Muridae grouped in their respective families, and the re­
sultant branches joined together. The three Cricetidae 
species split; Oryzomys joined the Arvicolidae-Muridae 
branch, and the resultant branch was then joined by the 
remaining cricetids, Cricetus and Neotoma, as one unit.
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This sub-tree within the myomorph rodents is the only dif­
ference from Simpson's (1945) classification, in which he 
classified the Arvicolidae (^subfamily Microtinae) within 
the family Cricetidae and thus implied closer relationships 
between Arvicolidae and Cricetidae than between Arvicolidae 
and Muridae. The rest of the branching arrangements within 
the myomorph rodents agree, on the whole, with Simpson’s 
classification.
One of two equally parsimonious solutions for Rodentia 
showed that Arvicola joined Ondatra, and the resultant 
branch was joined by Microtus (as depicted in Fig. 41). The 
other solution showed Microtus joined to Ondatra, and the 
resultant branch was joined by Arvicola. Simpson (1945) 
classified all three genera in the tribe Microtini (sub­
family Microtinae, family Cricetidae) with no indication as 
to which of the three genera was closer to one another. The 
relationships as depicted in Fig. 41 were chosen over the 
other equally parsimonious solution because, based on over­
all appearance, skulls of Arvicola and Ondatra seem to 
resemble each other, more than Microtus resembles either of 
the other two genera.
A difference between Carleton's (1984) classification 
and this dissertation is that Carleton did not include 
Gliridae within the infraorder Myomorpha. Carleton and 
Musser's (1984) treatment of the superfamily Muroidea (in­
fraorder Myomorpha) provides a better understanding of the 
systematic taxonomy of the species depicted in Fig. 41;
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there are a few other differences between this and their 
study (see Remarks in Carleton and Musser, 1984).
Hystricognath Rodents: Relationships within this sub­
order (Hystricomorpha of Simpson, 1945; and Hytricognathi of 
Carleton, 1984) are more complex than within the two 
previous groupings and include two modifications when com­
pared to the most parsimonious tree (see above). The dif­
ferences between the relationships depicted in Fig. 41 and 
those of Simpson (1945) and Carleton (1984) are: (1)
Anomalurus - Simpson, ?Sciuromorpha incertae sedis; Car­
leton, New Infraorder or Infraorder Indeterminate within 
Sciurognathi; (2) Ctenodactylus - Simpson, ?Hystricomorpha 
or Myomarpha incertae sedis; Carlton, New Infraorder or In­
fraorder Indeterminate within Sciurognathi; (3) Thryonomys - 
Simpson, with other taxa in Octodontoidea; Carlton, with 
Petromuridae in infraorder Phiomorpha, suborder Hystricog- 
nathi. Other possible differences include the positions of 
Petromus, Myocastor, Capromys, and Ctenomys (see Remarks in 
Woods, 1984). Considering the uncertainties (incertae sedis 
and Infraorder Indeterminate) in Simpson's (1945) and Car­
leton' s (1984) publications, the hystricomorph subtree as 
depicted in Fig. 41 is, on the whole, in agreement with the 
relationships as they suggested.
A close examination of the branching arrangements of 
hystricomorph rodents in relation to their zoographical 
distribution raises the question of the origin of the South 
American rodents. The present data, as depicted in Fig. 41
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(or even the most parsimonious tree: Table 37 B.I.), support 
the hypothesis that South American rodents are more closely 
related to the African rodents than to the North American 
species (see also Sarich and Cronin, 1980). Admittedly, 
only one North American species (Erethizon dorsaturn, family 
Erethizontidae) was examined, while there were seven African 
species, one Asian, one West Indies, and eleven South 
American species included (see Appendix M for complete
listing). There is good reason to conjecture that even if
there were more Erethizontidae species represented, the 
overall picture would not change because of the positioning 
of the African species (Thryonomys, Ctenodactylus, and 
Petromus) "deep" within the South American-West Indies com­
plex, and the joining of Erethizon to Anomalurus after which 
the resultant branch then groups with the Atherurus-Hystrix 
branch.
C.l.2.4. New skull foramina/openings described
In the course of examining skull foramina in the Mam­
malia the author encountered five foramina and other skull 
openings that, as far as can be ascertained from the 
literature and from consulting colleagues, have not been
described before. Careful checking and re-checking was 
conducted to verify that these foramina/openings were not
reported in previous writings. I have discussed the 
presence of these characters with the Rodent Symposium par­
ticipants in Paris, France (J. Bugge, W. Mair, M. J. 
Novacek, F. S. Szalay, J. Wahlert, and C. A. Woods; see
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Luckett and Hartenberger, 1985) and none recalled that these 
skull foramina/openings were described in the literature.
Illustrations and photographs in the literature (e.g., 
(Wahlert, 1974; Getty, 1975) do depict these skull openings 
but they are not pointed out nor are they described. Naming 
an opening as a foramen or a canal implies that blood ves­
sels and/or nerves are transmitted through it. A vacuity,
on the other hand, is an opening which most likely does not
transmit these structures.
Following is a brief description of these skull 
foramina/openings, beginning with the anterior end of the 
skull and ending with the mandible. Note that these skull 
characters were absent in all non-mammalian taxa and in many 
mammals examined. It is therefore believed that their 
presence is a derived condition for the Mammalia. Il­
lustrations of these features are given in Table 38.
Premaxillary canal
Paired. Located on the ventral side of premaxilla be­
tween the incisive foramen and interpremaxillary foramen, 
close to midline or on margin. Best seen in Hyracoidea, 
e.g., Procavia capensis (Fig. 44).
Snout foramina
Multiple. Small to minute openings on the lateral and 
dorsal regions of the snout (on the premaxilla, maxilla, and 
nasal) anterior to the rostral end of the zygomatic arch. 
Best seen in Rodentia, e.g., Castor canadensis (Fig. 44).
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Table 38. Mammalian skull foramina, canals, and other 
openings, not encountered in the literature (as of May 
1986) or mentioned but not named. (l)
PROPOSED NAME LOCATION FOUND IN
Premaxillary canal
(Paired, 
ventral view)
Snout foramina
(Multiple, 
lateral view)
Many mammals, 
distinct in 
Hyracoidea, e.g., 
Procavia capensis
Many mammals, 
distinct in 
Rodentia, e.g.,
A Castor canadensis
Vomero-sphenoid 
vacuity
(Unpaired, 
ventral view)
Basioccipital
foramen
(Paired, 
ventral view)
&
&
Some mammals, 
distinct in 
Perissodactyla, e.g., 
Equus caballus
Some mammals, 
distinct in 
Lagomorpha, e.g., 
Lepus europaeus
Medial angular 
process foramen
(Paired, 
medial view)
Some mammals, 
distinct in 
Rodentia, e.g., 
Marmota monax
1. Listed from anterior to posterior of skull.
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Vomero-sphenoid vacuity
Unpaired. Located on dorsal roof of posterior choanae 
in species whose vomer extends caudally and, together with 
presphenoid and/or basisphenoid, they form an opening (a 
canal). Best seen in Perissodactyla, e.g., Equus caballus 
(Fig. 45). The position of the opening of this canal/ 
vacuity differs among species. In some forms, e.g., Sus
scrofa and Equus caballus, the canal is distinct, while in 
others, e.g., Nycticebus caucang, the canal is indistinct. 
Whenever this vacuity or canal is present, the vomer's 
posterior end is caudal to the hard palate.
Basioccipital foramen
Paired or unpaired. Located on the ventral side of 
basioccipital close to midline of many mammalian skulls. 
Sometimes found in crania of juveniles but not in those of 
adults. Best seen in Lagomorpha, e.g., Lepus europaeus 
(Fig. 46).
Medial angular process foramen
Paired. Located on medial side of the vertical (as­
cending) part of the dentary bone at the anterior end of the 
mandibular fossa and directed anteriorly. Best seen in 
Rodentia, e.g., Marmota monax (Fig. 46).
Figure 44. Top: Premaxillary canal (arrow) in cranium of 
Procavia capensis (ventral view); Bottom: Snout foramina 
(arrows) in cranium of Castor canadensis (lateral view). 
These foramina are described here for the first time; see 
Table 38 and text for additional details [photographs for 
this and Fig. 46 are by R. L. Bielaczyc].
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Figure 45. Vomero-sphenoid vacuity (arrow) in cranium of 
Equus caballus (ventral views in both; Bottom is a close up 
of Top with scale = 35 mm). This opening is described here 
for the first time; see Table 38 and text for additional 
details [photograph by K. M. Morehead].
270
*
Figure 46. Top: Basioccipital foramen (arrow) in cranium 
of Lepus europaeus (ventral view); Bottom: Medial angular 
process foramen (arrow) in dentary of Marmota monax. These 
foramina are described here for the first time; see Table 38 
and text for additional details.
010202020101020201010101000000
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C . l . 2 . 5 .  T r e n d s  in s k u l l  f o r a m i n a
An overview of trends in skull foramina among the major 
taxa examined in this study is shown in Table 39. As noted, 
the absolute number of foramina present in the skull in­
creases relatively in the evolutionary tree from Reptilia to 
Eutheria, via mammal-like reptiles (Cynodontia), 
Monotremata, and Marsupialia (order of listing does not 
necessarily imply ancestral--> descendant relationships). A 
closer look at venous vs. nerve foramina shows that the 
former increases at regular intervals while the latter does 
not. Figure 35 depicts variations in nerve foramina among 
major taxa, and the trends of these foramina are listed in 
Table 39, bottom.
Table 39 is simplified; readers who are unfamiliar with 
skull development may not realize that, in many cases, fewer 
foramina in a lineage or a taxon does not automatically im­
ply that the structure (a vein, an artery, and/or a nerve) 
passing through a specific foramen is absent in that 
species. Often, foramina are confluent, and the structure 
transmitted through them develops a different course. On­
togenetic and phylogenetic skull developments, including 
bone ossifications, are inseparable processes in the trends 
of skull foramina.
Generally speaking, the more skull foramina present, 
the greater the blood and nerve supply available to the 
surrounding tissues. Variations exist among eutherian or-
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Table 39. Trends in skull foramina: relative ranking, j
REPTILIA MAMMALIA
M M
C 0 A E
TAXON — > R Y N R E U 0
E N 0 S U R A T R
P 0 T u T A M H D
DESCRIPTION — | T D R p H N 0 E E
V I 0 E I E G N R R
L N M A R E G I S
I T A L I A
A I T I A N
A A A
Venous 1 2 3 4 5 3-5
foramina
Nerve 1 1 2 3 5 3-5
foramina
Total number 1 2 3 4 5 3-5
of foramina
1. Key: 1-5 = Ranking according to relative number of 
foramina; 1 being the least and 5 the most.
Compare results presented in this table to those in 
Fig. 35.
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ders (see Table 39); for example, Insectivora, Rodentia, and 
Artiodactyla tend to have more foramina than the rest of 
Mammalia. Among mammalian species studied, Castor canaden­
sis (Rodentia) has the greatest number of skull foramina (53 
out of 87 total foramina examined), and Tachyqlossus 
aculeatus (Monotremata) has the least (31 foramina). 
Cetacea has the least skull foramina among eutherian orders 
(average of 34 foramina). Corresponding species within 
Rodentia are Castor canadensis (53 foramina) and Dipodomys 
ordii (40 foramina), with an average of 48.2 foramina for 
the order. [The specific numbers for species and orders, 
and the calculated averages are from data presented at the 
Rodent Symposium ("Evolutionary Analysis of Rodents") in 
Paris, Prance, July 1984.]
C.1.3. PAEN: osteology, summary of results
Relationships shown in Fig. 32 and schematically 
depicted in Fig. 34 indicate that the infraclass Eutheria 
may be divided into five major clades, one of which includes 
the PAEN.
Among the Paenungulata, based on the present data, the 
union of taxa listed in Simpson (1945, see Appendix B) ap­
pears to hold. Thus, the branch of Sirenia-Desmostylia- 
Proboscidea-Hyracoidea-Embrithopoda-Dinocerata (sub-branch 
of B in Fig. 32) seems to be a monophyletic assemblage. 
McKenna (1975, and pers. comm.), however, excluded 
Dinocerata from this clade (his mirorder Tethytheria; see 
Appendix D).
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C.2. OTHER MAMMALIAN TAXA
Since Fig. 40 (relationships among mammals based on 
skull foramina) is a subset of Fig. 32 (relationships among 
mammals based on non-dental morphological characters), one 
should focus on Fig. 32 and compare it to hypothesis testing 
as presented in Tables 34 and 36. Clades in this figure are 
part of an hypothesis best favored by the author, based on 
the available data and based on hypotheses suggested by 
other authors.
Hypothesis testing (Table 34) showed that certain 
branching arrangements within Eutheria have stronger foun­
dations than others (see also Equally parsimonious solutions 
Section C.l.1.2. under RESULTS); for example, the Rodentia- 
Lagomorpha close affinity (the Glires hypothesis of Gregory, 
1910) is firmly founded, while the phylogenetic positions of 
Pholidota and the sub-branch of clade D in Fig. 32 
(Chiroptera-Dermoptera-Scandentia) are weakly founded. 
Major groupings within Rodentia (Fig. 41) appear, on the 
whole, to be well founded. These relationships (as depicted 
in Fig. 41) correspond more to traditional classifications 
(e.g., Simpson, 1945) than to recent classifications (e.g., 
Carleton, 1984), though elements of both classifications are 
incorporated in this tree.
Evolutionary rates reveal the same trends as those 
calculated for amino acid sequences; that is, accelerated 
evolution during the initial burst of eutherian radiation,
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followed by uneven decelerated rates of evolution during the 
Tertiary Period.
V. DISCUSSION
A. DISCUSSION ON IMMUNOLOGY
Critics of the IMDFN method claim that relationships 
obtained from IMDFN are based to some extent on plesiomor- 
phic, rather than synapomorphic, characters (Dene et al., 
1978). There is no way to determine with surety whether 
relationships derived from IMDFN data (or any immunological 
method, for that matter) are based on synapomorphic or 
plesiomorphic characters. Nonetheless, one way to reduce 
the effect of plesiomorphic characters contributing to the 
dendrogram is to produce as many antisera and to conduct as 
many testings and cross-testings with each antiserum and 
among antisera as possible. By comparing the many species 
(here 101) with each of the antisera (here 16), the resear­
cher obtains reciprocal results which compensate for any 
significant error in the genetic distance (should it have 
been from convergence or primitive similarities), thereby 
reducing gross errors in the overall taxonomic conclusions 
drawn from the immunological data. Further discussion on 
this particular issue can be found in Goodman and Moore 
(1971), and Dene et al. (1978).
One of the specific criticisms of IMDFN is in regard to 
the arbitrariness with which spur sizes are designated 
(sizes 1 - 5 ) ;  critics claim that this system is subjective. 
We found that an experienced investigator will reach con­
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sistent readings when experiments are duplicated. Further­
more, while there may be disagreement among investigators as 
to the exact size of the spur, there could never be a dis­
agreement as to the direction of the spur, an objective 
variable that provides evidence as to which of the two 
species compared bears more immunological similarities 
(which may be interpreted by some as genealogical 
relationship) to the homologous species. In this respect, 
IMDFN may be defined as an objective phenetic approach to 
systematic problems.
The choice of a suitable host species for antibody 
production depends primarily on the objectives of the study 
and the questions asked. It is important that the host 
chosen be a species whose phylogenetic position is outside 
of the taxonomic group under investigation, but yet not too 
far removed from it (see details in Sections B.l.2.2. and
B.2.4. under METHODS). Thus, for mammalian interordinal 
studies, the chicken is to be preferred over the rabbit or 
the opossum as an antibody producer since its phylogenetic 
position is clearly far from any of the mammalian orders 
being investigated whereas those of the rabbit and the 
opossum are closer to some orders than to others.
The results presented with the opossum anti-Procavia 
capensis antiserum (Table 27), however, are tantalizing for 
they provided an indication of close serological 
similarities among paenungulate taxa. Yet the experiments 
were not completed because the strength of the antiserum
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decreased rapidly.
The order of relationships of PAEN in Fig. 23 is dif­
ferent from that which is based on chicken antisera to whole 
sera (Fig. 24). That is, Proboscidea and Sirenia joined 
first, and the resultant branch was then joined by 
Tubulidentata and Hyracoidea, respectively (see Figs. 26 and 
27). These differences stem from the total number of
species compared with each antiserum and the overall network 
of comparisons. Whole sera results, which incorporate 
several proteins, are better founded than purified albumin 
results, which are based on a single protein. I believe 
that these differences among the living paenungulate taxa 
based on IMDFN are not so important as the fact that the 
four orders appear to share a monophyletic origin (cf.
results of de Jong et al., 1981; and Rainey et al., 1984).
Results from chicken antiserum against purified albumin 
Orycteropus afer (Table 8), as well as results from
chicken antisera against the whole serum of Man is pentadac- 
tyla, order Pholidota (see Table 25), indicate that there is 
no specific affinity between Tubulidentata and Pholidota or 
Edentata (Simpson, 1945; Patterson, 1975 and 1978). An an­
tiserum to the whole serum of an edentate species (e.g., 
Dasypus novemcinctus) may provide additional evidence for 
or against a relationship between Tubulidentata and Eden­
tata .
Results presented here and in a previous paper
(Shoshani et al., 1981) not only support Simpson's
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hypothesis that Proboscides, Sirenia and Hyracoidea are 
phylogenetically related to each other but also indicate 
that Tubulidentata is their closest living relative [an 
hypothesis proposed by Clark and Sonntag (1926); and also in 
agreement with the findings of de Jong et al. (1981); but 
not corroborated by the myoglobin study of Dene et 
al. (1983)].
In contrast to the conclusions of Simpson (1945) and 
other workers, the immunological evidence does not support 
the "nearness" of Paenungulata to the ungulate orders Ar- 
tiodactyla and Perissodactyla. In every table involving 
antisera against paenungulate and protungulate species 
(Tables 7-10, and 21-23) the ungulates were consistently far 
away from the homologous species. This relationship is also 
depicted in Fig. 26 and was noted by de Jong et al. (1981). 
In conjunction with this, it is concluded also that there is 
no specific affinity between the Hyracoidea and the Peris­
sodactyla, an hypothesis proposed by a number of workers 
(e.g., Owen, 1868; Whitworth, 1945; McKenna, 1975).
The presence of an affinity between Cetacea and Ar- 
tiodactyla as shown by the immunodiffusion results supports 
the fossil, anatomical, molecular, and serological conclu­
sions discussed in the INTRODUCTION. These immunodiffusion 
findings are based on results obtained with three antisera 
to artiodactylan species (Tables 11 - 13), and suggest that 
Cetacea and Artiodactyla are indeed closely related orders. 
Further experiments are needed because only one cetacean
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species (Delphinapterus leucas) was used in the comparisons.
Within Artiodactyla, the organization of the order 
follows a traditional pattern. The infraorders Suina and 
Ancodonta join one another (suborder Suiformes) while mem­
bers of Ruminantia (suborder) group together on the tree 
with Odocoileus (Cervidae). However, since the deer was 
used with only one of the antisera, this position for Cer­
vidae must be regarded as highly tentative. The suborder 
Tylopoda (camels and llamas) takes an intermediate position 
among Artiodactyla, although it appears to be somewhat 
closer to Ruminantia than it is to Suiformes.
The close antigenic similarities between Pholidota and 
Carnivora (Figs. 23-24 and 26) is congruent with the find­
ings of de Jong (1982). An antiserum to whole serum or 
plasma of a carnivore species will be important in es­
tablishing the validity of the relationships between 
Pholidota and Carnivora as implied by the data presently 
available.
An important observation to be made is that most of the 
IMDFN findings presented here or elsewhere (e.g., Dene et 
al., 1978; Goodman and Cronin, 1982) have been corroborated 
by other studies using different data and methods of 
analysis (de Jong, et al., 1981; Goodman et al, 1982; 
Novacek, 1982; Kleinschmidt et al., 1986). Thus, IMDFN, 
although a crude method with which to study phylogeny, is a 
valuable tool in providing working hypotheses.
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B. DISCUSSION ON AMINO ACID SEQUENCES
To the unfamiliar observer a phylogeny of vertebrates 
based on amino acid sequences of one molecule (hemoglobin) 
sounds like a premature conclusion based on insufficient 
evidence. Indeed, the results presented in Figs. 28 and 29 
are only hypotheses. Nevertheless, when one compares these 
phylogenies to accepted ones, one observes almost complete 
agreement on the vertebrate phylogeny presented in Fig. 28 
(cf. Romer, 1966; Colbert, 1982). Similarly, there is 
agreement for the relationships within Eutheria, even though 
there are more disagreements when compared to results of 
other workers.
The phylogenetic position of Edentata as the earliest 
offshoot branch of Eutheria (Fig. 29) is an hypothesis sup­
ported for example by Gregory (1910) and McKenna (1975, and 
pers. comm.). The Cetacea-Ungulata relationship is 
simplified because in the complete tree Cetacea is more 
closely similar to Artiodactyla than to other taxa examined. 
In fact the cetacean Tursiops trunctatus was closer to other 
artiodactylan species than was Sus scrofa. Other molecular 
studies, e.g., Boyden and Gemeroy (1950), de Jong (1982), 
Shoshani et al. (1981), and Shoshani (1986, summary of what 
is presented here) also support the Cetacea-Artiodactyla 
hypothesis. The Artiodactyla has long been described and 
depicted as a condylarth derivative (e.g., Romer, 1966) and 
the association of Cetacea with Artiodactyla brings one to 
ponder "who are the progenitors of Cetacea?" This question
281
is even more intriguing when considering the close 
relationships of Cetacea-Ungulata to Proboscidea-Hyracoidea 
(in Fig. 29, based on amino acid sequences), and Cetacea 
depicted as a sister-group to Paenungulata of Simpson, 1945 
(in Fig. 32, based on osteological characters). Anatomical 
skeletal data suggest further that the order Cetacea has its 
origin within the mesonychid condylarths and is more closely 
related to Artiodactyla than to other mammalian taxa (see 
detailed discussion on the neontological and paleontological 
evidence in Barnes and Mitchell, 1978, and comments in 
Savage and Russell, 1983).
Later in this dissertation (Section E under DISCUSSION) 
I reasoned in detail the advantages and disadvantages of 
amino acid sequences in phylogenetic studies and some of the 
problem involved. For example, in many studies, it would be 
more accurate to refer to specimens rather than species ex­
amined because, in the vast majority of the cases, amino 
acid sequences are obtained from only one sample (= a 
specimen of a species or whatever taxon it represents). 
Ideally, more than one specimen per species should be ex­
amined in search of variations. Benz (1980:191) reported on 
"progressive ontogenetic changes" in the eye lens protein of 
a shark. Obviously, changes as shown by Benz (1980) should 
alert workers like de Jong (1982) who have been studying eye 
lens proteins and reconstructing phylogenies based on the 
amino acid sequences of these proteins.
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C. DISCUSSION ON OSTEOLOGY 
C.l. GENERAL
By definition, a synapomorphic character is one which 
is shared by members of this lineage in a clade [modified 
after different sources, e.g., Hennig (1965 and 1981), Hecht 
and Edwards (1977) and Marshall (1977)]. Although the best 
synapomorphic characters are those that appear only once on 
a phylogenetic tree, it is rare to find a cladogram that is 
parallelism-free (assuming this cladogram incorporates a 
fair number of species and character states). The 
cladograms depicted in Fig. 32 and that of Domning et al. 
(1986), for example, are dotted with parallelisms. A close 
examination of the parallelism (solid squares, 64 in total) 
and reversals (solid circles, 14 in total) in Table 33, in 
addition to the fact that some of the species examined lack 
data, would explain the existence of 18 possible EPS for 
Fig. 32 (see Section C.l.1.2 under RESULTS). Hypotheses 
testing that results in a small difference from the most 
parsimonious tree can also be explained by the presence of 
parallelisms, reversals, and lack of data (Appendix L). For 
example, if we join clades C and B in Fig. 32 the score of 
the tree would be raised only by 1 EC. Indeed, there are a 
total of nine pairs of parallelisms (g3 and r5, g4 and r7, 
hi and nl, h6 and r2, i2 and r3, i3 and r4, i4 and g2, j3 
and o4, k9 and o5) and seven reversals (jl, 12, 13, g4, q6,
q7, rl) between and among taxa sharing these clades. In 
addition, Cetacea and Sirenia lack data pertaining to the
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pelvis and hind appendages; other taxa, e.g., Condylarthra, 
also lack some data. Should these parallelisms, reversals, 
and lack of data be absent, the score of the tree joining 
clades C and B would be higher than 1 EC. This latter 
hypothesis, the joining of clades C and B, is supported by 
the classification and phylogeny of McKenna (1975, and pers. 
comm.) and Novacek (1982), respectively (see Inset in 
Fig. 32).
One way to reduce the number of EPS attributed to 
Fig. 32 and the supportive evidence presented in Table 33 is 
to eliminate those characters that show extensive paral­
lelism and reversals. Deleting these characters would also 
reduce the "noise" on the tree and subsequently increase the 
consistency index (Novacek, pers. comm., 1986). Consistency 
index (Cl) is a measure of relative amount of homoplasy; it 
is derived by dividing the difference between the numeri­
cally largest and smallest states of characters by the 
length of the tree (after Kluge and Farris, 1969; and 
Cracraft, 1985). Cl values are usually less than 1 because 
Cl = 1 implies that no parallelism or reversals took place. 
The Cl for Fig. 32 is 0.216.
The question that comes to mind immediately is what are 
the criteria that one adopts as to which characters to 
remove and which to retain without biasing the results? The 
guidelines that I followed in my investigation were to 
delete those characters that had more than three paral­
lelisms and/or reversals and that are poorly defined.
284
(Characters that included measurements were completely 
avoided because of complexities involved in analyzing them.) 
I soon learned that characters that appear on the tree as 
parallelism and/or reversals more than three times usually 
have very low Cl (0.059 - 0.200) and, in addition, they are 
poorly defined. Upon deleting those characters, the 
branching arrangement on the tree, in most cases, either did 
not change at all, or changes were in the subterminal 
branches within an order or a family. I believe that leav­
ing those characters with parallelisms and/or reversals (up 
to three occurrences, as discussed above) on the tree is 
better than removing them because (1) the reader may pass 
judgement on the value and weight of these characters, and 
(2) these features may be useful to other investigators who 
are working on different hierarchical levels of phylogeny 
and classification.
Good descriptions and reviews of various numerical 
methods applied in phylogenetic studies were provided by 
Sokal and Sneath (1963) and Felsenstein (1982, 1984). Among 
the methods discussed, Felsenstein (1982) noted that the 
"Standard statistical approaches, such as maximum 
likelihood, can be used to obtain methods whose properties 
are known and for which one can determine the amount of un­
certainty in the resulting estimates of the phylogeny." 
(Felsenstein, 1982:379). In addition, I found the studies 
by Camin and Sokal (1965), Mickevich and Johnson (1976), 
Penny (1976), Johnson and Mickevich (1977), Mickevich
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(1978), Cracraft and Eldredge (1979); Penny et al. (1980), 
Cartmill (1981), Humphries et al. (1981), Joysey and Friday 
(1982), Thrope (1984), and Bishop and Friday (1985), useful 
in coding and evaluating osteological characters as well as 
data analyses, and hypothesis testing. Adams (1972) and 
Rohlf (1982) were consulted in regards to consensus 
taxonomic trees and indices.
C.2. "LIVING FOSSILS"
"Living fossils" are representative taxa which show 
little evolution since their divergence from their closest 
relatives and that are usually the sole survivors of their 
lineages (see papers in Eldredge and Stanley, 1984). Be­
cause "living fossils" retain many primitive characters, 
morphologists find it difficult to ascertain their 
phylogenetic position; thus, new opportunities are available 
to molecular biologists. Some excellent examples of ver­
tebrate "living fossils" are the tuatara (Sphenodon 
punctatus, Rhynchocephalia, Reptilia), aardvark (Orycteropus 
afer, Tubulidentata, Mammalia), and tarsier (Tarsius sp., 
Primates, Mammalia). The latter examples, aardvark and 
tarsier, are of direct interest to this study and will be 
dealt with briefly.
Earlier workers placed Orycteropus within the order 
Edentata, including Pholidota, but most recent workers con­
sider Tubulidentata to be a condylarth derivative [see 
Figs. 3, 4, 5, and 9; see also Simpson (1945) and Patterson 
(1978) for summaries]. However, Thewissen (1985) challenges
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this latter hypothesis on morphological grounds. Molecular 
studies such as those of de Jong et al. (1981) and Shoshani 
et al. (1981) place Tubulidentata close to Proboscidea, 
Sirenia and Hyracoidea. Dene et al. (1983) concluded that 
the aardvark lineage is "...one of the most ancient among 
Eutheria."; their myoglobin tree depicts Tubulidentata as a 
sister group to the bat-hedgehog branch. Data based on non­
dental osteological characters presented here show 
Tubulidentata as a sister-group to the condylarth deriva­
tives Ungulata (Artiodactyla and Perissodactyla) and 
Notoungulata. The phylogenetic position of Tubulidentata is 
far from being resolved.
Debate over the phylogenetic relationships of Tarsius 
within primates also continues. Tarsius has been placed in 
a separate suborder close to higher primates (Haplorhini), 
or close to lower primates (Prosimii) (see Simpson, 1945 for 
details). Molecular studies (e.g., Beard et al., 1976) 
concluded that Tarsius is not a "living fossil" and is more 
closely related to the higher anthropoid primates than to 
the prosimians. Goodman and Cronin (1982), however, clas­
sified Tarsius in Haplorhini, summarized the available 
evidence on the relationship of this genus, and concluded 
that disagreements exist within and among molecular and 
morphological systematists. Analyses of osteological data 
by this author also place Tarsius sp. close to higher 
primates (relationships within Primates are not shown).
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C.3. CLADISTIC RELATIONSHIPS 
C.3.1. Relationships within Mammalia
A good treatment on the origin of Mammalia, its fossil 
history and the major subdivision within this class is given 
by Dawson and Krishtalka (1984). Suffice here to mention 
that the oldest known mammals are from the Mesozoic era, 
dated to the late Triassic - early Jurassic period (about 
190-230 mybp) and that it is generally accepted that Mam­
malia is a monophyletic taxon. The possible polyphyletic 
origin of mammals was discussed by Gregory (1910), Simpson 
(1945), Olson (1959), Romer (1966), Colbert (1982), Kemp 
(1982); and by Dawson and Krishtalka (1984).
The tripartite division of the class Mammalia as 
depicted in Fig. 1 has been widely accepted among Mammalian 
taxonomists [see for example, McKenna (1975) and Novacek 
(1982)]. Synapomorphic characters for the Mammalia (branch 
point b in Fig. 32) were obtained either from the literature 
(e.g., Gregory, 1910; Romer, 1966; Colbert, 1982; Dawson and 
Krishtalka, 1984) or observed by the author; these 
synapomorphies are listed in Table 33. Similarly, the 
synapomorphies for Marsupialia-Eutheria clade (branch point 
c in Fig. 32) and for Eutheria (branch point d in Fig. 32) 
are given in Table 33. Because of lack of time and space 
the synapomorphies that define each mammalian order as a 
separate clade are not detailed here.
Some of the best synapomorphies in Fig. 32 and Table 33 
are: optic foramen separate (d2 in Table 33), stapes
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horseshoe-shaped, large basal perforation and arched crura 
(fl), astragalar head with short neck and semicircular (h9), 
carpal bones serially arranged (il), wide premaxilla-frontal 
contact at or posterior to middle of orbit (k2), keels 
present on distal articulating surfaces of metacarpals and 
metatarsals (p3), distal ends of humeral lateral and medial 
condyles articulate almost exclusively with the radius (r6), 
fused scaphoid and lunar (t2), and presence of buccinator 
and masticatory foramina (z5 and z6 in Table 33).
C.3.2. Relationships within Eutheria
The short discussions in Section C.l. and C.3.1. above 
overlap some of the aspects to be covered in this section. 
Figure 32, the associated synapomorphies listed in Table 33, 
the equally parsimonious solutions, (Section C.l.1.2.) and 
the hypothesis testing (Table 34) provide the basis for the 
brief discussion to follow.
Of particular interest to this study is the 
phylogenetic branch formed by the joining of all the con- 
dylarth derivatives (clades C and B, Inset in Fig. 32). 
Members of the Condylarthra were classified by early workers 
as belonging to one order (e.g., Simpson, 1945; Romer,
1966). Contemporary workers, however, have elevated some 
condylarth families to an ordinal level; e.g., Mesonychidae 
to Acreodi and Arctocyonidae to Arctocyonia (see McKenna, 
1975; Szalay, 1977; and Savage and Russell, 1983). Results 
presented here support the hypothesis that the condylarthran 
taxa are paraphyletic.
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As was discussed in Section C.l above and shown in 
Table 34, it costs only one additional EC to join the con- 
dylarth derivatives, an hypothesis favored by McKenna (1975, 
and pers. comm.), Szalay (1977), Novacek (1982) (and to some 
extent by Simpson, 1945). Should one adopt this joining, 
then the branching arrangement in Fig. 32 would be as 
depicted in the Inset in Fig. 32. Thus, Eutheria would have 
consisted of four major clades: A, B-C, D, and E. I do not 
favor the hypothesis shown in Fig. 32 (i.e., separate clades 
for C and B) nor the joining of C and B (as appears to be 
amply supported by other workers) but rather favor the ar­
rangement depicted in Fig. 34. The relationships among the 
condylarth derivatives as depicted in Fig. 32 are based on 
two facts: (1) this branching arrangement is more par­
simonious by 1 EC, and (2) when clades C and D are joined, 
the length of the tree is the same: 963 EC (see also under 
EPS and Tables 34C.1 and 34C.2).
Observations made among members of Arctocyonia 
(Arctocyon), Acreodi (Mesonyx), and Condylarthra 
(Phenacodus, Meniscotherium, Pleuraspidotherium. Perip- 
tychus, and Ectoconus) showed them to vary in their charac­
ter states. This heterogeneity appears to be corroborated 
by the hypothesis that parental stocks (=?families) of the 
traditional Condylarthra (of Simpson, 1945, and Romer, 1966) 
gave rise to different lineages as manifested by the clas­
sifications of McKenna (1975) and Szalay (1977). Note that 
because of lack of data on the seven genera mentioned above
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[all are extinct and for a few specimens only bone fragments 
were available, and in the case of Pleuraspidotherium, only 
the literature was consulted (Pearson, 1927; Russell, 1964; 
Russell and Sigogneau, 1965)] only three, a representative 
of each order, were selected for the final analysis. They 
are: Arctocyon, Mesonyx and Phenacodus. For simplicity’s 
sake, and because of lack of data these three genera were 
grouped as one "Condylarthra" in Fig. 32. In Section 
C.3.4.2. below, a comparison between Hyracoidea and 
Pleuraspidotherium is given.
The Rodentia-Lagomorpha close affinity, or the Glires 
concept as it is known, has been the subject of a long 
standing controversy (see Simpson, 1945; Novacek, 1985). If 
we compare the studies that deal with inter-ordinal 
relationships in the volume by Luckett and Hartenberger
(1985), we note that all the molecular papers (Beintema, de 
Jong, Sarich, Shoshani et al.) falsify the Glires 
hypothesis; this was also true for two out of the five mor­
phological papers (Lopez-Martinez, Szalay), while the 
remaining three morphological papers [Luckett, Novacek, 
Shoshani (only Notes Added in Proof)] provide supportive 
evidence for the Rodentia-Lagomorpha relationship, as 
proposed by Tullberg (1899) and Gregory (1910). The fact 
that molecular and morphological studies reach different 
conclusions is not new (see, for example, papers in Luckett 
and Szalay, 1975, and Luckett, 1980c). On the other hand, a 
better understanding of the differences among the mor­
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phological studies is needed. As can be seen from the 
papers presented in Luckett and Hartenberger (1985), the 
issue is far from being resolved; the resolution appears to 
lean toward support for the Glires concept [see also dis­
cussions in Luckett (1985) and Novacek (1985a) and McKenna
(1986)]. Data presented in this dissertation corroborates 
the Glires hypothesis. However, the foot structure of 
Rodentia and Lagomorpha is widely disparate (McKenna, pers. 
comm.).
Relationships of Macroscelidea (elephant shrews) to 
other mammals were discussed in Gregory (1910), Simpson 
(1945), McKenna (1975), Novacek (1982, 1985a), and Luckett 
(1985).
Similar groupings in which relationships exist among 
Lagomorpha, Rodentia, Macroscelidea (not necessarily in this 
order of relationships) were found by Hartenberger (1980), 
McKenna (1975), Novacek (1982, 1985a), and Szalay (1977); 
see also Fig. 3 in Hartenberger (1985).
Based on the skull foramina data, major groupings 
within Rodentia (letters S, M, and H in Fig. 41) appear to 
be firmly founded. Phylogenetic relationships as depicted 
in Fig. 41 correspond more to traditional classifications 
(e.g., Simpson, 1945) than to recent classifications (e.g., 
Carleton, 1984), though elements of both classifications are 
incorporated in this tree. Within the hystricomorph ro­
dents, the South American-West Indies complex appears to be 
more closely related to the African than to the North
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American species. Pedetes capensis is the most "non-rodent" 
among the Rodentia species examined (cf. Figs. 41 to 42; 
also see details under DISCUSSION ON CLASSIFICATION). 
Within Eutheria, each order demonstrates a different rate of 
evolution from its ancestor to the present, with Rodentia 
displaying the fastest rate among the orders studied (mor­
phologically and molecularly). It is possible that this 
fastest rate within Rodentia is the manifestation of the 
largest number of species among all mammalian orders, thus 
the search for sub-niches evolved, which subsequently re­
quired further adaptations. I learned that, because of the 
diversity and quantity of rodentian species, understanding 
phylogenetic relationships among rodents is imperative to 
better understand mammalian interordinal relationships.
C.3.3. Relationships within Paenungulata 
C.3.3.1. General
A quick review of the equally parsimonious solutions 
(Section C.l.1.2. under RESULTS) and a glance at Table 34 
reveal that the branching arrangement of the Paenungulata 
(PAEN, clade B in Fig. 32 except Cetacea) may be depicted as 
a polychotomous branch. In this polychotomy the Sirenia- 
Desmostylia-Proboscidea subclade would remain as shown in 
Fig. 32, but Hyracoidea, Embrithopoda, and Dinocerata would 
converge to one point, resulting in a tetratomy. This 
tetratomy was not adopted because morphological and 
molecular evidence presented in the literature (e.g., 
Gregory, 1910; Simpson, 1945; de Jong et al,, 1981; Shoshani
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et al., 1981; Rainey et al., 1984; Novacek and Wyss, 1985; 
Kleinschmidt et al., 1986) support the relationships shown 
in Fig. 32.
C.3.3.2. Synapomorphies in support o£ these 
relationships
Since the PAEN constitutes a major portion of this 
dissertation, I shall proceed with an annotated listing of 
the synapomorphic characters for this clade, beginning with 
branch point 1 and ending with branch h in Fig. 32 and Table 
33.
BRANCH POINT 1 = SIRENIA-DESMOSTYLIA.
(1.) Naso-lacrimal foramen: absent.
The absence of this foramen could be an adaptation to
aquatic habitat. It is also absent in many cetaceans and
pinnipeds.
(2.) Jugal foramen: absent (reversal from h6).
In some individual specimens there were minute openings 
(and sometimes only on one side of the cranium) that did not 
appear to be valid as jugal foramina.
(3.) Jugal: does not participate in mandibular fossa
(reversal from i6).
For i6 and v7 which evolved in parallel to it, there is a
footnote (') that states "character distribution and methods
of analysis resulted in this character being a shared-
derived by these taxa, even though it may be a shared-
primitive when examined as an independent character for
Mammalia." In addition to those taxa grouped under the
umbrellas of subclades i (of clade B) and v (of clade D) the
294
participation of the jugal bone in the mandibular fossa is a 
condition found also in some marsupials, insectivores, most 
rodents, and Tetonius (an Eocene primate). Based on this 
character distribution and the application of the "com­
monality principle" of Schaeffer et al. (1972) (i.e., 
character state that has the widest distribution among the 
taxa studied is generally regarded as most primitive), I 
consider the jugal participating in the mandibular fossa as 
the primitive condition for Eutheria.
(4.) Ethmoid foramen: absent.
I do not believe that the structures transmitted through
this foramen (the ethmoid branch of the trigeminal nerve and
small blood vessels) disappeared in Sirenia and Desmostylia
[desmostylian skulls studied were either casts or actual
specimens (with that specific area of the cranium not always
well prepared), and careful examinations showed no ethmoid
foramen]. Most likely these structures pass through other
foramina, e.g., optic foramen and/or orbital fissure.
(5.) Spheno-frontal foramen («sinus canal): present (evolved 
in parallel at s2).
While studying the cranial foramina at the NMNH I had 
difficulties identifying this foramen on sirenian specimens. 
Only after I traced the course of the sinus canal (as 
described by Parker, 1885b:237, and Gregory, 1910:248) in 
insectivores, rodents and other mammals (see members of s, 
united under clades D and E) did I realize that this foramen 
is present in Sirenia. Upon asking Daryl P. Domning about 
the presence of this foramen in Sirenia, we consulted with
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the work of Heal (1973) who also called this opening the 
"sinus canal". Careful examination of many mammalian crania 
to match the original descriptions of Parker (1885b:237) 
[who called it a "sinus canal"] and Gregory (1910:248) [who 
followed Parker] to those of later workers (Hill, 1935:125; 
Wahlert, 1974:372; Carleton, 1980:41), who called this 
opening the "sphenofrontal foramen", led me to conclude that 
the two names are synonyms.
(6.) Digit III: not the largest (evolved in parallel and
reversal at s8 and zl5, respectively).
The basic mammal-like reptiles and mammalian digit and 
phalangeal formula is 2-3-3-3-3, with "2" being for digit I 
which is on the medial side of the manus or pes. For the 
vast majority of species having this formula, digit I is the 
shortest (as implied by the presence of two phalanges), and 
many of them have digit III as the longest/largest. This 
can be observed, for example, in many illustrations of manus 
and pes (e.g., in Romer, 1966; and Lessertisseur and Saban,
1967). Applying the commonality principle of Schaeffer et 
al. (1972, see No. 3 above), a longest/largest digit I is 
the primitive condition and any deviation from this condi­
tion would be derived. It is evident from this brief dis­
cussion that I do not believe that longest/largest digit III 
is a shared-derived condition for Rodentia and Lagomorpha 
(zl5 in Table 33) but based on the character distribution 
and analyses of these characters, character zl5 turned out 
to be a shared-derived (see footnote 8 in Table 33).
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B R A N C H  P O I N T  k - S I R E N I A - D E S M O S T Y L I A - P R O B O S C I D E A .
Note: It costs only two additional evolutionary changes to
join Proboscidea to Desmostylia in support of the hypothesis 
of Domning et al. (1986).
(1.) Naso-facial region: retracted (^elevated external
naris).
A slight elevation of the external naris is also found in 
some perissodactylans (e.g., Equus and Tapirus), but this 
slight elevation is clearly less delineated than that found 
in Proboscidea and Sirenia and to a lesser extent in Des­
mostylia. One could develop a number of character states to 
show the possible gradation of this character; I avoided 
this gradation or transformation series for it is too am­
biguous .
(2.) Premaxilla-frontal: wide contact at or posterior to
middle of orbit.
Based on examination of this character in vertebrate 
crania and descriptions in the literature (e.g., Gregory, 
1910; Romer, 1966), the absence of contact between the 
premaxilla and frontal (i.e., the maxilla is wedged between 
these two bones) is the primitive condition for Mammalia. 
The Glires (=Rodentia and Lagomorpha) evolved a derived 
condition where the premaxilla and the frontal come in con­
tact, in some cases only a point-contact, anterior to the 
orbit (z2 in Table 33). Proboscidea, Sirenia and Desmos­
tylia display a (very) wide contact posterior or at the 
level of middle of the orbit. I believe that the two 
derived character states have evolved independently.
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(3.) Position of orbit: forward (anterior to molars).
This character may be associated/influenced by the 
previous character; I therefore considered eliminating it. 
Upon closer examination, however, these characters seem to 
be independent because of the shortening of the facial 
region in later proboscideans and sirenians, despite the 
differences in their habitat. Domning et al, (1986) also 
listed this character separately.
(4.) Squamous portion of zygoma: extends much laterally.
Clearly, this is a shared-derived condition, especially 
that which is found in Moeritherium and Barytherium, when 
compared to crania of other mammals (see for example 
Gregory, 1910; Grasse, 1955, 1967; and Romer, 1966). As­
sociated with the lateral extension of the squamosal is the 
thickening (pachyostosis) of the squamous portion of the 
zygoma, especially in the Sirenia and later proboscideans 
(Moeritherium does not exhibit pachyostosis at the squamous 
portion of the zygoma).
(5.) Secondary external acoustic meatus: complete.
This character was described by Osborn (1942:916; see 
Fig. 68 in Volume II) and it is manifested by the enfolding 
and coming in contact of two processes (or ledges): the
postglenoid ledge of the squamosal bone, which is directed 
posteriorly, and the post-tympanic ledge of the squamosal 
directed anteriorly; the two ledges form a long tube in 
continuation of the normal (or primary) mammalian external 
acoustic meatus, hence the name "secondary external acoustic
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meatus." Only Proboscidea and Desmostylia (to a lesser ex­
tent) exhibit this character.
(6.) Hypoglossal foramen: confluent with jugular foramen.
The only other place on Fig. 32 that this character ap­
pears is on the line to Monotremata (Gregory, 1910). Since 
there is no reason to believe that the monotremes (subclass 
Prototheria; Simpson, 1945) and the subclade Proboscidea- 
Sirenia-Desmostylia share a monophyletic origin, it would be 
safe to assume parallelism. In the course of examining this 
character in Mammalia in general and in PAEN in particular, 
I noticed that members of Sirenia display great variation. 
To be specific, in some crania, on one side the hypoglossal 
and the jugular foramina would be confluent, while on the 
other side they would be separate. Furthermore, it appeared 
that the genus Duqonq is more primitive than Trichechus; 
results are tabulated in Table 40. [It is of interest that 
Duqonq's lineage appears to be primitive also in the forma­
tion of the foramen magnum; see notes under i2.]
(7.) Mastoid foramen: present (evolved in parallel at m2).
This foramen was first described by Cope (1880).
(8.) Coronoid process of mandible: anterior end extends
forward into labial molar-premolar region.
This character appears to be associated with powerful jaw 
musculature. The extension of the base of the coronoid 
process into the labial region (though not so forward as in 
Proboscidea, Sirenia and Desmostylia), is also found in 
other mammals, e.g., some edentates, primates and most ro­
dents.
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Table 40. A summary of data on the hypoglossal 
foramen (h.f.) in Trichechus and Duqonq.
PRIMITIVE
h.f.
separate 
on both 
sides
DERIVED
Specimens examined at
h.f. confluent 
with jugular 
foramen (j.f.)
h.f.
semi­
confluent 
with j.f.on both 
sides
on one 
side
A. MNHN CA
Dugonq 3 - 1 -
Trichechus 2 1 - 2
B. AMNH
Duqonq 14 2 - -
Trichechus 10 19 - 4
(grooves)
SUMMARY
Duqonci; 3 out of 20 specimens had the h.f. confluent 
with the j.f.
Trichechus; 26 out of 38 specimens had the h.f. con­
fluent with the j.f.
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(9.) Patella: roundish, approximately ball-shaped (evolved 
in parallel at o5).
It does not appear that there is any correlation among 
members of subclades k, o (in Fig. 32), and the pinnipid 
carnivores that also exhibit this character, except that it 
is associated with special musculature in those regions of 
the hind appendages.
BRANCH POINT j - SIRENIA-DESMOSTYLIA-PROBOSCIDEA-H7RAC0IDEA 
(1.) Postglenoid Process: absent (reversal from h5).
The presence of the postglenoid process appears twice on 
the cladogram (h5 and tl in Fig. 32). Among the taxa
clustered in clade D, the postglenoid process is developed 
best in Carnivora. Other taxa in clade D, Dinocerata, and
Embrithopoda have varying degrees of development of the 
postglenoid process. No transformation series was 
developed, for it would be too ambiguous (see also branch 
point k, No. 1 above).
(2.) Coronoid process of dentary: axis is perpendicular to
or forms an acute angle with molar alveoli.
In the vast majority of mammals, the axis of the den­
tary' s coronoid process is usually a wide angle between 90° 
and 135° as measured from the molar alveoli posteriorly.
(3.) Coronoid process of dentary: does not project dorsal to
margin of zygomatic arch (evolved in parallel along o4
and y5).
It is of interest that, with the exception of Macro- 
scelidea, whose members are insectivorous, members of all
other 11 taxa grouped under the umbrellas of subclades j, o 
and y are purely herbivorous mammals. It should be men­
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tioned, however, that in Tubulidentata and some artiodac- 
tylans, the coronoid process does project dorsal to the 
margin of the zygomatic arch but not so much as in Carnivora 
for example. The coronoid process serves for the insertion 
of the temporalis muscle, which (together with the masseter 
muscle) closes the jaw. In this context it is noted that, 
when viewed laterally, the zygomatic arch of Carnivora is 
stouter and more distinctly arched than those of most other 
mammals. The zygomatic arch serves for the origins of the 
masseter muscle and some fibers of the temporalis muscle 
(Hildebrand, 1974; Walker, W. F., 1980).
(4.) Astragalus-cuboid contact: absent (evolved in parallel 
along u5).
This character has also been referred to as "serial ar­
rangement of tarsal bones", in which the astragalus articu­
lates distally only with the navicular. Reptiles, mammal­
like reptiles, monotremes, marsupials, and many mammals ex­
hibit astragalus-cuboid contact. It is most obvious in Ar- 
tiodactyla and Perissodactyla, undoubtedly (see Figs. 47-50 
later). Nevertheless, a close examination of this character 
reveals extreme variations in the degree of contact of these 
bones, depending on the degree of shifting of the center of 
gravity, and subsequently the weight distribution onto and 
through these bones. The complexity in the interpretation 
of this character (a subject of which was treated by Yalden, 
1966) led this author in selecting only two character states 
(contact present or absent) rather than developing a trans­
formation series which would probably be very difficult to
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convey to the unfamiliar observer. In this context, it is 
of interest that some members of "Condylarthra" {in the 
broad sense of Simpson, 1945; and Romer, 1966) exhibit the 
presence of contact between the astragalus and cuboid, while 
others lack this contact, again manifesting the 
heterogeneous nature of this assemblage (see also discussion 
in Section C.l. above, and branch point h9).
BRANCH POINT i = SIRENIA-DESMOSTYLIA-PROBOSCIDEA-HYRACOIDEA- 
EMBRITHOPODA
Note: McKenna's (1975 ) Tethytheria is continuously being 
revised: in 1975 it included Proboscidea, Sirenia, and Des­
mostylia; a revision in 1985 (pers. comm.) embraced all five 
orders listed for Branch point i; while the most recent 
revision (May 1986) excludes Sirenia from Tethytheria and 
places it in Epitheria incertae sedis, Hyracoidea and 
Embrithopoda are also excluded from Tethytheria - they are 
placed in Ungulata incertae sedis (see Appendix D for 
details).
(1.) Carpal bones: serially arranged.
In addition to the orders united in the subclades, the 
only other taxa that were examined and exhibited this con­
dition were Phenacodus and Meniscotherium. The primitive 
condition of this character (found in all other mammals and 
in reptiles) is when the carpal bones are alternately ar­
ranged, one bone on top of two, similar to bricks on a 
wall. (The serial arrangement involves one bone on top of 
another, similar to tiles on a floor.) Figures 47-50 depict
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these alternate and serial bone arrangements in the manus 
and pedes of various mammals.
In my view, this and character No. j4 are good charac­
ters, for they are unaffected by size, weight, and type of 
habitat of members of a species or a lineage. For example, 
members of the extant PAEN constitute an assemblage of mam­
mals that for casual observers seem to be totally unrelated, 
for they do not share the same habitat, size or overall ap­
pearance. Proboscidea, the largest terrestrial mammals, 
weigh about 8 metric tons. On the other extreme, members of 
Hyracoidea are terrestrial or arboreal and weigh about 4 
kgs. Manatees and dugongs, order Sirenia, are marine mam­
mals and weigh about 1,000 kgs. The serial bone arrangement 
in the carpus unites them with Desmostylia and Proboscidea 
[not well defined bone arrangement as described by Shikama 
(1966); Novacek and Wyss, (pers. comm.), however, agree with 
me that desmostylian carpal bones are modified serial rather 
than alternate arrangement]. Additionally, members of 
Proboscidea (which includes the largest extant land mammal, 
Loxodonta sp.) and Perissodactyla (which includes the 
largest land mammal ever to exist, Baluchitherium sp.) ex­
hibit serial versus alternate carpal and tarsal bone ar­
ticulation, respectively. Should weight rather than 
phylogeny be a determining factor, both orders might exhibit 
alternate carpal bones and astragalar-cuboid contact (see 
also under j4, Figs. 47-50, and discussion in Section
C.3.4.2 below).
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Figure 47. Schematic representations of left carpi ( A  to C) and tarsi (0 to F )  to show 
essential homologies between primitive tetrapod (A, D), primitive reptile (B, E), and mam­
mal (C,F). Proximal row of elements stippled; central row (and pisiform) unshaded; distal 
row hatched. Digits indicated by Roman numerals; distal carpals and tarsals by Arabic
numerals. RE?: a = Astragalus; c, cl to c4 = centralia; ca = calcaneum; cu = cuneiform in
carpus, cuboid in tarsus; ec = external cuneiform (ectocuneiform); enc = internal
cuneiform (entocuneiform); f = fibulare; F = fibula; i, int - intermedium; lu = lunar; me
= middle cuneiform (mesocuneiform); mg = magnum; nav = navicular; pis = pisiform; rle = 
radiale; sc=scaphoid; t = tibiale; T = tibia; td = trapezoid; tz = trapezium; ule = ul- 
nare; un = unciform [after Romer, 1971:159].
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Figure 48. Left manus of representatives of six mammalian orders (A-F), and simplified 
sketches showing alternate (G) versus serial (H) carpal bone arrangements. Names of in­
dividual bones are given in Fig. 47. A = Sus scrofa, Artiodactyla; B = Orycteropus afer, 
Tubulidentata (see close up in Fig. 49); C = Elephas maximus. Proboscidea; D » Dendrohyrax 
dorsalis. Hyracoidea (see close up in Fig. 49); E = Tapirus indicus. Perissodactyla; and F  
* Trichechus manatus. Sirenia. Photograph by R. W. McDowell at the AMNH. drawings by 
J. S. Grimes.
Rcdius
sc
D
Figure 49. Left aanus of Orycteropus afer A, Dendrohyrax dorsalis B, and Arctocephalus 
qalapaooensls C. Diagram In 0 is the same as C in Fig. 47 iiKere naaes of individual 
bones are given. Bones of Orycteropus and Dendrohyrax are Magnified of same in Fig. 48., 
and those of Arctocephalus are included for comparison with Trichechus (Fig. 4BF>: both 
are aquatic aaraals vet Arctocephalus exhibits alternate carpal (syaplesioaorphic for Haa- 
aalia) while Trichechus (also Blephas. and Dendrohyrax) exhibits serial carpal (synapoaor- 
phic condition). [Photographs by R .  H. HcDowell at tfie A H N H . ]
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Figure 50. Left pedes of A = Elephas maximus (Proboscidea), B = Tapirus indicus (Peris- 
sodactyla), C * Sus scrofa (Artiodactyla), 0 = Orycteropus after (Tubulidentata), and E = 
Dendrohyrax dorsalis. F is a close up of the tarsus in E, and G is the same as F in 
Fig. 47. where names of individual bones are given. Note that an astragalus-cuboid con­
tact (plesiomorphic for Mammalia) occurs in B and C. Photographs by R. W. McDowell at the 
AMNH.
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(2.) Foramen magnum: formed by basioccipital and exoccipi- 
tals (evolved in parallel at r3).
Figure 51 includes four illustrations of crania depicting 
the foramen magnum (f.m.) and bones that surround this 
foramen. The following account is based on examinations of 
hundreds of crania (fetuses, juveniles, sub-adults, and 
adults) of vertebrate species. It is probable that the 
condition where all four bones [basioccipital (=b.o.), ex- 
occipitals (=e.o., one each side) and supraoccipital 
(=s.o.)] contribute to the formation of the f.m. is the 
primitive character state for the infraclass Eutheria (see 
Fig. 51A). In reptiles there are variations with respect to 
the degree of contribution of the b.o. to the f.m. In 
Chelydra, for example, (Fig. 51B) the b.o. is almost ex­
cluded completely from the f.m., while in Cynognathus (a 
cynodont, mammal-like reptile) the b.o. contributes greatly, 
almost as in many mammals. It is of interest that those 
stem reptiles with only one occipital condyle (formed by the 
coming together of all three bones, 2 e.o. and the b.o.) 
have the b.o. excluded from the f.m. since it is point- 
wedged between the e.o. when viewed postero-ventrally. On 
the other hand, advanced mammal-like reptiles with two oc­
cipital condyles (formed mostly by the e.o., one on each 
side) have the b.o. contributing to the f.m. [In lay ter­
minology, it is almost analogous to the b.o. being "pushed" 
antero-dorsally towards the f.m. and in the process 
"spreading" the e.o. apart to form the two occipital con­
dyles. ]
3 0 9
so
EOEO
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B
Figure 51. Posterior views of crania (not to scale) show­
ing variations in the bones contributing to the foramen 
magnum. A: Cavia porcellus (Mammalia, Rodentia), B:
Chelydra serpentina (Reptilia, Chelonia), C: Trichechus
manatus (Mammalia, Sirenia), D: Sus scrofa (Mammalia, Ar- 
tiodactyla). BO = Basioccipital, EO = Exoccipital, FM = 
Foramen magnum, SO = Supraoccipital (see character No. i2 in 
Table 33).
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Within Eutheria there are three basic types (or character 
states) of this character: a = all four bones contribute to 
the f.m., b = s.o. is excluded leaving three bones, c = b.o. 
is excluded. Condition a (Fig. 51A) and a slightly modified 
condition of that (less contribution of s.o., see Fig. 51D) 
are found in most mammals; examples shown are of Cavia por- 
cellus (Rodentia) and Sus scrofa (Artiodactyla), respec­
tively. Condition b (Fig. 51C) is found in Proboscidea, 
Sirenia, Desmostylia, and Embrithopoda and in many members 
of Artiodactyla and Perissodactyla. This condition (b) also 
evolved in parallel in some marsupials, e.g., Didelphis. 
Among eutherian orders, condition c is found only in 
Cetacea, in my view, a reversal from primitive eutherians. 
It seems that the exclusion of the b.o. from the f.m. and 
the confluence of the occipital condyles are adaptations to 
an aquatic habit, because many of those reptiles with one 
occipital condyle are aquatic.
If the foregoing argument "holds water", why then did 
Sirenia and Pinnipedia not evolve along these lines? The 
answer, I believe, may be sought in the true synapomorphic 
nature of this character state (condition b), even though it 
evolved in parallelism three times on the cladogram. It is 
of interest that among sirenian specimens examined, Duqonq 
is the only genus that exhibits condition a (slightly 
modified like that of scrofa shown in Fig. 51D). It is 
possible that the Duqonq lineage never evolved character b, 
which makes it more primitive than Trichechus, an hypothesis
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suggested by Domning (1978b, and pers. comm,). Alternative­
ly, the presence of character a in Duqonq may be a reversal 
from early sirenians that exhibit character b (see also 
notes under k6).
Integrating all the above thoughts, I conclude that based 
on the available materials and data analysis, the following 
transformation series is suggested for this character for 
Eutheria: a — > b, and a — > c.
(3.) Angular process of dentary: vestigial (evolved in 
parallel at r4).
A well developed angular process is commonplace among 
mammals and thus is primitive. This character, like the 
preceding and the following ones, evolved in parallel to 
branch points in clade C and are part of a network of 
parallelisms and reversals between clades B and C, a fact 
that makes it easier to unite them with a cost of only one 
EC; see text under EPS and Table 34,
(4.) Scapular acromion process: short or absent (evolved in 
parallel at q2).
The acromion process serves for the origin of the 
acromiodeltoid muscle which inserts on the proximal end of 
the humeral body. This process is well developed in mammals 
with a strong clavicle (e.g., Edentata, Tubulidentata, 
Primates, Chiroptera, Lipotyphla, and Rodentia) and is less 
developed in most paenungulate species and cursorial mammals 
(e.g., some Carnivora, Artiodactyla).
(5.) Pisiform: flat anteroposteriorly, broad contact with 
cuneiform.
In reality this character is only present in Embrithopoda
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and Proboscidea. Hyracoidea possess a pisiform similar to
that found in other mammals (flat lateromedially and narrow
contact with cuneiform). The pisiform in Desmostylia and
Sirenia appears to have been lost in the course of adapting
to an aquatic habitat, similar to the situation in other
marine mammals. In most cases, whenever the pisiform is
present, it also articulates with the ulna.
(6.) Jugal bone: participates in mandibular fossa (evolved 
in parallel at v7).
See notes for branch point 1, No. 3.
(7.) Coronoid canal: present.
This canal was first described by Kilmer (1965). It is 
located at the base of and perforates the coronoid process 
of the mandible. I have not seen descriptions in the 
literature as to what passes through this canal but based on 
a dissection of one rabbit and one elephant, minute 
tributaries of the mandibular nerve and blood vessels pass 
through this canal. My observations show that this canal is 
found in: Lagomorpha, Sirenia, Desmostylia, Proboscidea,
Hyracoidea, Embrithopoda (small), Hippopotamidae (small), 
and Camelidae (small). In a letter to me (21 February, 
1980) M.C. McKenna wrote: "You might want to add sloths and 
rhinos to your list of beasts possessing a (coronoid) 
canal." Certain taxa (e.g., some members of Carnivora, 
Primates, Artiodactyla, ?Cetacea, and Edentata) have a small 
foramen behind the last molar. I cannot say with surety 
whether or not this small foramen is associated with the 
coronoid canal.
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Based on the above character distribution of this canal, 
its presence is a shared-derived feature for Eutheria as a 
whole (employing non-eutherians as outgroups), and its ab­
sence would be share-derived for clades within Eutheria (see 
also footnote 8 in Table 33).
BRANCH POINT h - SIRENIA-DESMOSTYLIA-PROBOSCIDEA-HYRACOIDEA- 
EMBRITHOPODA-DINOCERATA
Note: all these taxa were classified by Simpson (1945) in 
the superorder Paenungulata. Simpson also included in PAEN 
the orders Pantodonta (grouped with clade C) and Pyrotheria 
(not examined in this study).
(1.) Premaxillary canal: present (evolved in parallel at nl 
and vl).
The premaxillary canal is one of five cranial foramina 
and skull openings that were not. described in the literature 
I consulted. It is paired and located on the ventral side 
of the premaxillary between the incisive foramen (figured 
and described by Wahlert, 1974) and the interpremaxillary 
foramen (after Hill, 1935), close to the midline or on the 
margin (see Fig. 44).
In some specimens (e.g., Procavia capensis and Trichechus 
manatus) the opening of this canal is well delineated, while 
in others (e.g., in many rodents) the opening is very small, 
and the observer needs to know what to look for. The 
presence of this canal also varies with each order or 
smaller taxonomic category. For example, all Hyracoidea 
specimens examined possessed it, while only some, but not
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all, rodent species exhibited this canal.
The parallel appearance of this canal on three branches
on the cladogram (PAEN, clade C, and subclade D) and within
Rodentia, for example, makes it difficult to interpret
evolutionarily. It is possible, however, that the
premaxillary canal is shared-derived for Eutheria because it
is absent in Monotremata and Marsupialia specimens examined.
(2.) Maxilla: contributes to rim of orbit, i.e., wedged 
between lacrimal and jugal (evolved in parallel at ul).
Based on examination of this character in reptiles, non- 
eutherian and eutherian mammals, the exclusion of the max­
illa from the rim of the orbit (i.e., the jugal and the 
lacrimal are in contact, see Fig. 36) is the primitive con­
dition. Even though it is shown that this character evolved 
in parallel at ul, not all members of h and u exhibit this 
condition. Similarly, in certain members of other orders 
(not shown on the cladogram and in Table 33 since only 
superordinal relationships are discussed), e.g., within 
Rodentia, the maxilla is wedged between the lacrimal and 
jugal.
(3.) Secondary external acoustic meatus (SEAM): incomplete.
The presence of this meatus, complete (as described in 
k5) or incomplete, i.e., the enfolding of the "ledges" is 
not complete, appears to be associated with large mammals. 
Elsewhere on the cladogram, an incomplete SEAM is also found 
in some perissodactyls (not shown on the tree). Among mem­
bers of the PAEN, Hyracoidea and Sirenia do not exhibit 
either complete or incomplete SEAM (see description of this
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character in k5).
(4.) Alisphenoid canal: present (evolved in parallel at x2).
This canal is present not only in the PAEN and members of 
clade E but it is also found in members of Perissodactyla 
and some condylarth species. Employing the "commonality
principle" (see Branch 1, No. 3) it appears that the 
presence of the alisphenoid canal is a shared-derived con­
dition for Eutheria, and its absence is shared-derived for 
certain taxa within Eutheria [see footnote (*) in Table 33]. 
This hypothesis was confirmed while examining extant
sirenian species and noticing that none possess this canal. 
One of the earliest sirenians (Prorastomus), however, does
possess this canal (Tassy, 1981:106; D.P. Domning, pers.
comm.). Similarly, some of the rodent species possess the 
alisphenoid canal; yet others do not. I conclude,
therefore, that the absence of this canal in sirenian and 
rodent species (and in any other eutherian taxon where this 
canal may be absent) is a derived condition.
(5.) Postglenoid process: present (evolved in parallel at
tl, and in reverse at jl).
See notes for branch point j, No. 1.
(6.) Jugal foramen: present (evolved in parallel at r2 and 
si, and in reverse at 12).
The three parallelisms and one reversal (at least on the
interordinal level) make it difficult to determine the
polarity of this character for Eutheria. It is possible,
however, that the presence of this foramen is a shared-
derived condition for Eutheria as a whole (see also notes
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for the alisphenoid canal in h4 above).
The determination of presence or absence of the jugal 
foramen is not so clear cut as, for example, for the alis­
phenoid canal. In some mammals, e.g., primates, there are 
two to three (and sometimes more) jugal foramina and all are 
clearly delineated. In other mammals, e.g., some rodents, 
carnivores, and proboscideans, on the other hand, the 
foramen is not delineated and one has to know what to look 
for and even use a magnifying glass, especially in the 
smallest species.
(7.) Humeral lateral condyle: distal end articulates equally 
with radius and ulna.
The mode of articulation of the distal end of the humerus 
among mammals was observed to be of three types: (a) ar­
ticulation of the lateral condyle only with the proximal end 
of the radius, (b) articulation of the lateral condyle with 
the proximal ends of the radius and ulna, and (c) articula­
tion of the lateral and medial condyles almost exclusively 
with the radius. Type (a) appears to be the primitive con­
dition; it is present in many mammalian orders. Type (b) 
appears to be associated with graviportalism, and type (c) 
appears to be associated with cursorial ungulates.
Not all members of the PAEN exhibit type (b); extant 
hyracoids, for example, possess type (a) articulation, and 
sirenians and desmostylians have a slightly modified condi­
tion of (b), i.e., between (a) and (b). It would be ex­
tremely interesting to examine bones of the forearms of the 
earliest hyracoids [I predict they will exhibit type (b)].
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Cursorial ungulates (e.g., Bos, Antilocapra. Equus) that 
exhibit type (c) articulation have the radius anterior to 
the ulna, and there is a broad contact between these bones, 
which is "... provided with spline and groove preventing 
rotation of radius" (Hildebrand, 1974:503). Type (c) ar­
ticulation was listed under branch point r, No.6.
(8.) Thoracic vertebrae: 19 plus.
Scores of non-Mammalia vertebrates have large numbers of 
pairs of ribs (e.g., in many reptiles the ribs extend to the 
cervical region, Romer, 1966). Therefore, a logical deduc­
tion would be that the reduction in the number of pairs of 
ribs is a derived condition for Mammalia as a whole, or for 
certain mammalian groups.
In this study, the number of pairs of ribs was coded as a 
multistate character with three possibilities (see Section
B.2.5.1. under METHODS). Results show that the three 
character states (19-21 pairs of ribs, 15-18 pairs, and 11- 
14 pairs) assigned for this character appear on the 
cladogram (Fig. 32) at branching points h8, m3, and g4 . 
Based on the statements above and the brief discussion in 
Section B.2.5.1. under METHODS, it is not possible to 
determine which of the three character states is shared- 
derived and which is shared-primitive. It is entirely pos­
sible that all three states were independently derived from 
a fourth character state, namely, 22 plus pairs of ribs. 
Examination of additional species, especially reptiles and 
mammals with a large number of pairs of ribs may help to
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e l u c i d a t e  t h i s  p h y l o g e n e t i c  p r e d i c a m e n t .
Number of pairs of ribs could also be argued to be a 
function of size and weight, for support of thoracic and 
abdominal contents (B. D. Patterson, pers. comm.). Data 
analyzed here do not support this hypothesis, for members of 
Proboscidea (about 8 metric tons), Sirenia (about 1,000 
kgs), and Hyracoidea (about 4 kgs) have 18-21, 15-19, and
20-21 pairs of ribs, respectively. On the other hand, other 
mammals of comparable sizes [e.g. Perissodactyla (200 kg to 
16 tons ), Pinnipedia (about 900 kgs), and Lagomorpha (about 
2 kgs)] have 13-19, 14-15, 12-17 pairs of ribs, respective­
ly. Note that small numbers of ribs is a derived condition; 
for example, the 15-16 pairs of ribs found in many Sirenia 
(e.g., Trichechus inunquis) is a derived condition since 
early sirenians have a higher number (up to 19 pairs). 
Likewise, the 18-19 pairs of ribs found in Elephas and Mam- 
muthus is a derived condition for Proboscidea because early 
members, e.g., Moeritherium and Gomphotherium. have 20-21 
pairs of ribs.
(9.) Astragalar head: with short neck, semicircular.
Astragalar features were divided into seven characters, 
with the possibility that each one can give rise to any 
other. These characters are (a) * head with short neck, 
distal end irregularly shaped, articulation (most times) 
with both navicular and cuboid; (b) = head globular, neck 
distinct, keels developed; (c) = head trochleal (or pulley­
shaped), with medial side articulating with the navicular
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and the lateral with the cuboid; (d) = head with short neck, 
not trochleal, with two distinct articulation surfaces (a 
ridge divides the navicular and cuboid facets); (e) = head 
with short neck, semicircular; (f) = head with short neck, 
truncated, articulation only with the navicular; (g) = head 
with short neck, distal end concave or combination of con­
cave and convex, keels of varying in depth. Note that the 
inclusion of astragalus-cuboid contact is treated as a 
separate character (see j4); it is mentioned here for a 
better understanding of these seven characters.
Distribution of these characters was as follows: (a)
Reptilia, Monotremata, some Marsupialia [see however, Table 
33, branch c7 and footnotes Nos. 2 and 8]; (b) branch point 
m on Fig. 32, i.e., members of clades C, D, and E; (c) Ar­
tiodactyla; (d) Perissodactyla; (e) Dinocerata, 
Embrithopoda, Proboscidea; (f) Hyracoidea; and (g) most 
Edentata and Pholidota.
Keeping the branching arrangement on the cladogram 
(Fig. 32) in mind and fitting these seven characters at 
their respective places, an astute observer may ask "should 
character (b) be a synapomorphy for branch point d (for 
Eutheria as a whole) rather than for branch point m (for 
clades C, D, and E)?" Yes, it is possible that characters 
(e), (f) and (g) evolved from (b), just as (c) and (d) did, 
as implied from Fig. 32. Alternatively, it is possible that 
characters (b), (e), (f) and (g) evolved independently based 
on character distribution and parsimony analysis as depicted
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in F i g .  32.
C.3.4. The Hyracoidea controversy 
C.3.4.1 Relationships proposed
The phylogenetic position of Hyracoidea has been the 
subject of continuing controversy for over 200 years 
(Fig. 8); hypotheses suggested include relationships to 
Rodentia (Storr, 1780; Cuvier, 1798), to Notoungulata 
(Ameghino, 1897; Stromer, 1926), to Proboscidea and Sirenia 
(e.g., Gill, 1870; Gregory, 1910; Simpson, 1945; Romer, 
1966; de Jong et al., 1981; Shoshani et al., 1981; Rainey et 
al., 1984; Kleinschmidt et al., 1986), and to Perissodactyla 
(e.g., Gaudry, 1862; Owen, 1868; Frechkop, 1936; Whitworth, 
1954; McKenna, 1975; Fischer, 1985). [Novacek and Wyss 
(pers. comm.) analyzed Fischer's (1985) characters and found 
them to be problematic; they may not be synapomorphic for 
Hyracoidea and Perissodactyla as Fischer claimed.]
All molecular studies (de Jong et al., 1981; Shoshani 
et al., 1981; Rainey et al., 1984; Kleinschmidt et al., 
1986; Benveniste, R. E., pers. comm.) agree that Hyracoidea 
is related to Proboscidea and Sirenia (extant Paenungulata 
of Simpson, 1945), while morphological studies (the remain­
ing references above) differ in their conclusions. Evidence 
presented in both molecular and morphological aspects of 
this study and independently by the morphological work of 
Novacek and Wyss (1985) support the Paenungulata hypothesis 
of Simpson (1945), and Tethytheria of McKenna [1975 and 
pers. comm. (1985 version)].
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C.3.4.2. Comparison between Hyracoidea and 
Pleuraspidotherium.
In this context, and in view of earlier workers who 
considered Hyracoidea to be related to the extinct genus 
Pleuraspidotherium (see the excellent discussion in Gazin, 
1965), I include herewith a comparison between these two 
taxa. This comparison was suggested by Malcolm C. McKenna. 
Specimens of Pleuraspidotherium are not available in the 
USA, and therefore, the comparison for this genus is based 
on the literature (Simpson, 1929; Pearson, 1927; Russell, 
1964; Russell and Sigogneau, 1965), while for the Hyracoidea 
the data were collected by the author. Table 41 includes 
the similarities and differences between Pleuraspidotherium 
and all extant hyracoids but mostly Procavia capensis (a 
hyracoid). This comparison was conducted not only between 
these two genera, but also between and among condylarth taxa 
especially Meniscotherium because Pleuraspidotherium was 
believed to be related to it (Gazin, 1965). As can be seen 
from the listing in Table 41, there are more differences 
than similarities between Procavia and Pleuraspidotherium 
(information of Meniscotherium was not included in this 
table since it was similar to Pleuraspidotherium). Based on 
this comparison, I concur with the the conclusions of 
Simpson (1945) and Gazin (1965) that Pleuraspidotherium is 
not a hyracoid. Simpson (1945) classified
Pleuraspidotherium in the subfamily Pleuraspidotheriinae and 
placed it and Meniscotheriinae in the family Menis-
table 4 1 Some differences between Hyracoidea and PleurasnIdo therI urn.
CHARACTER I 'I Hyracoidea PJeuraspidotherluw ('I
1. Foramen rotundun
2 . Allsphenoid canal
3. Parietal participating In postorbital process
4 . jugaI - IacriwaI
5. Jugal partIcipatIng In glenntd fossa 
S. Coronoid canal
7. Astragalar head 
S. Astragalar foramen
9. 1Ibia-fIbula fusion
10. Lacrimal tubercle
11. Lacrimal contribution to facial region
12. Pnstglenoid process
13. Angular process (of mandible!
14. Angle of coronoid process
to mandibular tooth row
15. Tip of coronoid process
16. Number of thoracic vertebrae
17. Number of digits in pes
separate
present
yes
not In contact 
yes 
present 
truncated 
absent 
present 
present (targe) 
sma I I 
small or absent 
Ind1st Inct 
than 90'
does not extend above 
zygomatic arch
20-22
confluent with foramen 
lacerum anterius
absent
no
In contact 
no 
absent 
about semi-globular 
present 
absent 
absent or small 
moderate 
moderate 
distInct 
more than 90'
extends above 
zygomatIc arch
14-16 (estimated)
Inferred to be 5
( I )  Characters were retrieved from literature only, see text for details Characters t-9 are considered more significant than 
10-17.
(2.) Note that Men I scother rum (Family Men Iscother IIdae. order Condy1arthra) was also Included In the comparison but not incor 
porated in this table since It is similar to that of Pleurasptdotherlum
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cotheriidae, order Condylarthra.
It is of great phylogenetic interest that among all the 
mammalian species examined (a total of 244 of which only 100 
were included in the final analysis) only tethytherians (of 
McKenna, 1975, and pers. comm., namely, Sirenia, Desmos- 
tylia, Proboscidea, Hyracoidea and Embrithopoda), Phenacodus 
and Meniscotherium exhibit serial arrangement of the carpal 
bones (see branch point i, character No. 1, in Section 
C.3.3.2. above). Both Phenacodus and Meniscotherium are 
classified in the order Condylarthra of Simpson (1945) and 
McKenna (pers. comm.). It is further noted that 
tethytherian and paenungulate taxa as a whole are believed 
to be condylarth derivatives (based mostly on dental 
evidence; Simpson, 1945; Romer, 1966; McKenna, 1975, and 
pers. comm.; Szalay, 1977; and Novacek, 1?82). The serial 
bone arrangement in the carpus, being a unique development, 
provides an additional insight for the condylarth derivative 
hypothesis of the Paenungulata.
D. DISCUSSION ON CLASSIFICATIONS
It is not my intention to develop a detailed discussion 
on classification in general but rather to provide an over­
view of comparisons among the four classifications given in 
Appendices A, B, D, and E. Table 42 summarizes the major 
differences among these classifications.
Certainly, the number of extant eutherian orders did 
not increase by 3 between the years of 1945 and 1986 (cf. 
Simpson’s and McKenna's classifications) but rather the
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Table 42. Major subdivisions of Eutheria and number of 
eutherian orders according to four classifications.
Authority(ies)
Major 
subdivisions 
of Eutheria
0 R D E R S
Extant(1) Extinct(1) Total
Gregory, 1910 
see Appendix A
7 super­
orders
20 4 24
Simpson, 1945 
see Appendix B
4 cohorts 16 10 26
Honacki et al., 1982 
see Appendix E
18 N/A 18
McKenna, 1975 and 
pers. comm. (1986) 
see Appendix D
2 cohorts 19 13 32
Footnotes to Table 42.
1. Differences are due to upgrading familial to ordinal
categories (see text for details).
2. Almost 3-fold difference in 75 years (N/A = not ap­
plicable; see text for details).
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differences are a matter of the respective authors’ opinions 
as to which taxa to classify as orders and which in a lower 
taxonomic category. In the above example, the differences 
between Simpson's (GGS, 1945) and McKenna's (MCM, 1975 and 
pers. comm.) are because:
(1.) Insectivora of GGS is split into three orders by MCM, 
namely: Erinaceomorpha, Soricomorpha, and Macro-
scelidea, and
(2.) Primates of GGS is split into two orders by MCM, name­
ly: Primates and Scandentia.
Similarly, the differences in the number of eutherian
orders among the classifications of the remaining authors
(Gregory, 1910; Simpson, 1945; and Honacki et al., 1982) can 
be easily explained as was done for GGS and MCM.
The most interesting difference among all four clas­
sifications is in the number of extinct orders: over a 3- 
fold increase in 76 years! This significant difference is 
the result of a number of factors ranging from new fossil 
sites, better technology, more individuals interested in 
paleontology, and an increase in the fossil material (some 
of which are being "rediscovered" on museum shelves) which 
allows comprehensive comparisons.
Similarities and differences among these classifica­
tions with regard to PAEN were discussed above (Sections 
C.l.2.2. under RESULTS and C.3.3. under DISCUSSION). To 
recap, the extant PAEN may be classified as Simpson (1945) 
did. Similarly, extinct and extant taxa of Tethytheria of 
McKenna (1975, and pers. comm., 1985 version of Appendix D) 
may remain as MCM classified them. Note, however, that some
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PAEN taxa are part of Tethytheria, but not all PAEN taxa 
grouped in Fig. 32, while all tethytherians did.
In the context of classification as a whole, results 
presented in this dissertation show that among mammalian 
taxa examined, Sus scrofa is the most non-artiodactylan 
species. Likewise, Pedetes capensis is the most non-rodent 
taxon. Morphological and molecular results indicate that 
both S_j_ scrofa (the domestic pig, family Suidae, order Ar- 
tiodactyla) and P^ capensis (the springhass, family 
Pedetidae, order Rodentia) did not always group in their 
respective taxonomic orders. For example, results based on 
AASEQ of alpha and beta hemoglobins (Section B.3. under 
RESULTS and Shoshani et al., 1985a) suggest that it is most 
parsimonious to join S_^  scrofa as a sister-group to the 
branch containing Artiodactyla, Cetacea, and Perissodactyla. 
IMDFN results can also be interpreted that Suidae is 
separated from the rest of Artiodactyla by Cetacea (Section 
A.4. and Fig. 25, and Sarich, 1985). Osteological charac­
ters depict Suidae to be the most primitive artiodactylan 
[it is the only taxon with bunodont dentition and omnivorous 
diet (DeBlase and Martin, 1981); non-dental features (e.g., 
number of digits and bones that make the foramen magnum) are 
in concert with the hypothesis that Suidae constitute the 
earliest offshoot of Artiodactyla]. Initial results based 
on skull foramina alone placed P^ capensis outside Rodentia 
and close to Lagomorpha (presented at the Rodent Symposium, 
Paris, France, July 1984). Only after all the non-dental
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osteological characters were incorporated in the analysis 
did Pedetes capensis join the rest of Rodentia as the first 
branch within this order (cf. Fig. 41 to Fig. 42). Remarks 
made by McLaughlin (1984), C. A. Woods and M. J. Novacek 
(pers. comms.) confirm that there is no consensus as where 
to place Pedetes within Rodentia.
E. SUMMARY OF OBSERVATIONS: MOLECULAR VERSUS 
MORPHOLOGICAL METHODS
From the descriptions given under METHODS it can be 
deduced that the underlying principles of PAUP (after Swof- 
ford, 1984) and GMPM (after Goodman et al., 1982) are very 
similar, that is, to minimize homoplasy in phylogenetic 
reconstruction. The differences stem from some of the 
technical details of achieving that goal, and each of these 
MP methods of analysis has its advantages and disadvantages.
Table 43 outlines the methods of investigations 
employed in this study, and Table 44 includes a summary of 
general observations comparing morphological and molecular 
methods. The first two differences listed in Table 44 are 
self-explanatory; the rest require additional comments (see 
also footnotes to this table). These comments are discussed 
here in general terms or specifically with regards to PAUP 
and GMPM.
Because of the lengthy process involved in conducting 
nucleotide or amino acid sequencing (see for example 
Braunitzer et al., 1982 and references therein), it is a 
standard procedure to obtain sequences of one individual of
T a b l e  43. O u t l i n e  of m e t h o d s  of i n v e s t i g a t i o n  e m p l o y e d  in t h i s  s t u d y .
ASPECTS OF 
INVESTIGATION
NUMBER OF 
EUTHERIAN 
ORDERS STUDIED
NO. OF 
SPECIES 
EXAMINED
NO. OF 
CHARACTERS 
EXAMINED
METHODS OF 
ANALYSIS (*)
MORPHOLOGICAL
Osteological 26 244 (’) 182 MP (*)
Soft anatomy (*)
MOLECULAR
Immunodiffusion 19 (5) 114(*) 1-7 (’) UWPGM
Radioimmunoassay (1)
Amino acid sequences 13 (16) (’) 83 289 (l0) MP
1. IMDFN = Immunodiffusion; UWPGM = Unweighted Pair Group Method (after Sokal and
Michener, 1958). MP = Maximum Parsimony.
2. Even though only 100 species were incorporated in the final analyses (see text for 
details).
3. Two algorithms were used (after Goodman et al., 1982, and after Swofford, 1984).
4. Soft anatomy characters were not incorporated in the analyses but were consulted; see
for example Table 57.
5. Erinaceomorpha and Soricomorpha as given in Figs. 23, 24, and 26 are names used by
McKenna (1975), names which were coined by Gregory (1910); in Fig. 32 these were
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grouped under Lipotyphla (a vernacular name of Simpson, 1945).
6. However, only 101 species were incorporated in the final analyses.
7. The number of characters refer to the number of precipitin lines observed on the Ouch- 
terlony plates (see text for details).
8. Proboscidean species were studied most extensively with this technique; these species 
include Mammut americanum, Loxodonta africana, Elephas maximus, and Manunuthus 
primigenius. Other mammalian taxa welre included for comparisons [see Shoshani et 
al. (1985b) and text for details].
9. Numbers outside and inside parentheses refer to number of orders studied by Shoshani et 
al. (1985a) and by Miyamoto and Goodman (1986), respectively. The 26 orders given for 
osteological is approximate, depending on inclusion or exclusion of certain taxa within 
or out of other taxa.
10. 143 sequence positions (=characters) for alpha hemoglobin chain, and 146 for beta 
hemoglobin chain.
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Table 44. Summary of general observations: morphological vs. molecular data, (l)
SUBJECT MORPHOLOGICAL MOLECULAR
Distance from genetic code Removed Close
Taxa that can be studied Extant and Extinct Extant only
Numbers of individual specimens 
examined per species
Few, several or more One, rarely 
two (1)
Number of characters that can be examined Fewer More (3)
Investigator's input can be, or is Subject ive Objective (3)
Ability to determine polarity 
of a specific character Yes (4) No (4)
Resolving power of phylogenetic trees Better (4) __ (*)
"Global" branch-swapping
(pertains to PAUP and GMPM)
By the computer 
program "By hand" (*)
Footnotes to Table 44 (next page) 330
F o o t n o t e s  t o  T a b l e  44
1. Not limited to PAUP (Swofford, 1984) and GMPM (Goodman et al. (1982).
2. Because of the lengthy process involved. In small samples variations cannot be 
detected (see text for details).
3. Automation enables gathering large sequence data in relatively short time without 
human input; whereas collecting morphological data can involve subjective 
descriptions such as "small", "medium", "large" or "absent" process on a bone.
4. Up to 20 character states are possible for one amino acid position which make it 
difficult to determine the transformation series of a character. Polarity can be 
determined (in most cases) on morphological characters and thus they yield more 
phylogenetic information and have better resolving power, especially when the on­
togeny and phylogeny of a lineage is well documented in the literature.
5. The GMPM (Goodman et al., 1982) performs local, not global, branch-swapping. There­
fore, alternative hypotheses (edited versions generated by the local branch-swapping) 
are submitted by the investigator to the computer to get the scores.
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every species studied. This procedure does not allow the 
investigator to study the variations within species, and, 
furthermore, it does not reveal whether or not a sequence 
just obtained is typical or atypical. [This is also true 
for IMDFN procedures whereas, in many cases, only one blood 
sample is tested.] On the other hand, skeletal characters 
are usually examined on a number of specimens from each 
species (in this study, at least three and often five or 
more specimens per species were examined; see METHODS for 
details). Thus, by studying more than one specimen, a 
researcher gains a better understanding of variations of a 
character within a species. Similarly, because of automa­
tion and the large number of sequence positions or charac­
ters (e.g., 143 for alpha- and 146 for beta-hemoglobin
chains) present per species, investigators who employ 
molecular methods usually have at their disposal a larger 
body of data compared to morphologists.
Current techniques for obtaining amino acid sequences 
of a specimen are automated, the investigator has no direct 
input on the results (assuming no human error is involved), 
and comparisons among species (=specimen) can then be per­
formed objectively. Collecting morphological data, on the 
other hand, can be subjective. This may be illustrated by a 
simple example. Certain mammals possess a process on the 
lateral side of the femur referred to as the third 
trochanter (for the insertion of Gluteus superficialis 
muscle in Equus, for example, Getty, 1975). This process,
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while large and distinct in some, e.g., Equus (Perissodac- 
tyla) and Orycteropus (Tubulidentata), is small and almost 
indistinguishable in others, e.g., Gomphotherium and members 
of Elephantidae (Proboscidea). The question arises as to 
whether those taxa with very small third trochanters should 
be considered as possessing this process or not. Of course 
a quantitative method of analysis and better understanding 
of each character (in terms of ontogenetic and phylogenetic 
development as well as functional morphology) would provide 
some but not all answers. Regardless of how careful a mor­
phologist is and what sophisticated techniques are used, 
some element of subjectivity would remain.
One difference between PAUP and GMPM is that PAUP can 
analyze ordered and unordered characters whereas GMPM uses 
unordered characters only. Ordered characters (based on the 
available literature) undoubtedly contain more phylogenetic 
information and, thus, have better resolving power in 
evolutionary reconstructions. Also, the nature of molecular 
data in GMPM (e.g., 20 possible character states for one 
amino acid position or column in a data file) make it im­
possible to determine the transformation series or the 
polarity of that character.
Another difference is the ability of PAUP to perform a 
global branch swapping, whereas GMPM conducts local branch 
swapping only, and the global has to be done "by hand.” 
That is, GMPM alternative trees have to be tested by chang­
ing the tree topology and submitting it to the computer
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program to get the length of the tree. The term "global
branch swapping" in PAUP is actually a misnomer because PAUP 
program tests many, but not all, tree topologies (Swofford, 
pers. comm., 1986). Indeed, for a data set with a small 
number of species PAUP program may be close to testing all 
alternative hypotheses, but the larger the number of species 
tested, the farther PAUP is from testing all alternative 
hypotheses, and the less precise the term "global" is. In 
addition, when running PAUP, the investigator does not know 
the scores (the lengths) of the different trees that were 
tested. The investigator has to run the program with a 
specific tree topology if the score is needed.
After employing both methods (PAUP and GMPM) on the 
morphological data, the author feels strongly that the 
criticism of the GMPM arises, to some extent, because
critics are unfamiliar with details of the program. The 
GMPM program may not have all the options that other 
programs have, but the important issue is that when many 
alternatives are tested, the possibility of missing a tree 
that is shorter than the most parsimonious tree is reduced 
further and further with each try. Shorter trees usually 
depict changes within an order or a family, and the overall
branching pattern of a class, such as class Mammalia,
remains unchanged. Davis et al. (1984) and DeVries et al. 
(1985) employed PAUP to get the most parsimonious solution; 
in the author's view reliance on one program does not test 
all the possibilities.
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Given the above observations, it is the author's con­
clusion that each method embraces certain elements of 
scientific investigation that are not satisfactorily dealt 
with by the other. Thus, results obtained from morphologi­
cal and molecular studies complement each other and both 
should be consulted before final conclusions on phylogenetic 
and systematic questions are drawn.
VI. THE PAENUHGULATA: SUMMARY AND CONCLUSIONS
Although molecular and morphological results in regard 
to paenungulate relationships may seem, in some aspects, 
incongruent, they are consistent, as will be explained 
below.
In the molecular investigations, both in the IMDFN 
and amino acid sequences (AASEQ) the extant paenungulate 
taxa (Proboscidea, Sirenia and Hyracoidea) grouped 
together. Additionally, in both methods the aardvark, 
Orycteropus afer (order Tubulidentata), shows closest 
relationship to the PAEN, more than any other extant mam­
malian species.
Two pertinent comments ought to be made. (1) In the 
IMDFN study, Tubulidentata was actually closer to Probos­
cidea (based on results from antisera albumin and combined 
results from albumins and whole sera) or to the Proboscidea- 
Sirenia branch (based on results from antisera to whole sera 
and combined results from albumins and whole sera); other 
differences in the relationships among PAEN can be observed 
by comparing Fig. 23 to Fig. 24. These differences, in the
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view of this writer, are not so important as the fact that 
all four taxa appear to share a monophyletic origin; testing 
with an antiserum to whole serum of Orycteropus afer may 
help to resolve these differences. (2) In the AASEQ studies 
(combined findings of de Jong et al., 1981; Shoshani et al., 
1985a; Kleinschmidt et al., 1986; and Miyamoto and Goodman, 
1986), the Proboscidea-Sirenia-Hyracoidea branch was joined 
by Tubulidentata.
In the morphological investigations, Tubulidentata 
joined as a sister-group to Ungulata (Perissodactyla and 
Artiodactyla) and Notoungulata and not to Simpson's (1945) 
PAEN, as with the molecular results.
A close examination of Simpson's (1945) classification 
(see Appendix B) reveals the following;
(1) the infraclass Eutheria is divided into four cohorts 
(Unguiculata, Glires, Mutica, and Ferungulata);
(2) the cohort Ferungulata embraces five superorders [Ferae 
(carnivores), Protungulata (condylarth derivatives), 
Paenungulata (PAEN, paenungulates), Mesaxonia (perissodac- 
tyls), and Paraxonia (artiodactyls)];
(3) the Protungulata includes five orders of which Con­
dylarthra, Notoungulata and Tubulidentata were grouped as 
part of clade C in Fig. 32; and
(4) the PAEN is comprised of eight orders, with Desmostylia 
as a suborder of Sirenia, however; all but one, Pyrotheria, 
are shown in Fig. 32 (Sirenia, Desmostylia, Proboscidea, 
Hyracoidea, Embrithopoda, and Dinocerata as part of clade B;
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and Pantodonta as part of clade C).
One additional observation needs to be made before a 
common thread can be sewn through the scattered thoughts 
above. As can be noted on Fig. 32, the order Cetacea is 
part of clade B; while based on molecular results (Figs. 26 
and 29), Cetacea is more closely related to Artiodactyla and 
Perissodactyla. Let us eliminate for a moment all the ex­
tinct taxa (Condylarthra, Pantodonta, and Notoungulata) from 
clade C, since only extant species can be studied 
molecularly. Then let us recall that clades B and C can be 
grouped together (with only one additional EC, see Table 
34). It would follow that Cetacea would be grouped with the 
branch of Artiodactyla-Perissodactyla and Tubulidentata 
(with a small increase in the score of the tree since the 
extinct species were removed and also since Cetacea lacks 
the characters of the pelvis and hind appendages), an 
hypothesis which appears to be supported by the combined 
molecular and morphological results presented thus far.
The thoughts conveyed in the latter paragraph paved the 
way for the following conclusion. The molecular and mor­
phological results with regard to paenungulate relationships 
do not contradict each other but are in agreement because, 
if we remove all the extinct taxa from clades B and C and 
join them, then subclade Sirenia-Proboscidea-Hyracoidea and 
Cetacea would join subclade Artiodactyla-Perissodactyla and 
Tubulidentata. This hypothesis appears to be corroborated 
by hypotheses of other workers and the combined morphologi­
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cal and molecular results presented in this dissertation.
In this regard, I accept Simpson's (1945) classifica­
tion on the cohorts of Mutica and Ferungulata [except for 
the inclusion of the superorder Ferae (carnivores)], for it 
does not violate hypotheses presented here. Furthermore, 
intra-ordinal relationships (not shown here), especially 
within Primates (except for Tupaioidea), Rodentia, Car­
nivora, Perissodactyla and Artiodactyla) are similar to 
those presented in Simpson's (1945) classification.
Overall, when comparing the phylogenetic relationships 
conveyed in the classification of Simpson (1945) to that of 
McKenna (1975, and pers. comm.) and to that presented in 
Fig. 32, it would be more parsimonious to reconcile that of 
McKenna's (1975, and pers. comm.) with the author's data 
sets by 12 evolutionary changes (see Appendices B and D and 
Table 34). In the classification of McKenna (1975, and 
pers. comm.), and to some extent in that of Szalay (1977), 
the Ungulata-PAEN of Simpson (1945) share a monophyletic 
origin, a branch which also includes Cetacea. The superor­
der Paenungulata of Simpson (1945, Appendix B) embraces the 
same taxa as the mirorder Tethytheria of McKenna (1975, and 
pers. comm., Appendix D) except that Tethytheria excludes 
Pantodonta, Pyrotheria, and Dinocerata.
The views and hypotheses expressed in this section 
would be incomplete if we were to ignore Simpson's (pers. 
comm.) comments to this writer in a letter dated 2 April, 
1979 (see Appendix C). Of particular interest are the
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statements "I am convinced that the Paenungulata are not 
monophyletic as Hennig defines that term." and "...I also do 
not now think that the Paenungulata are an acceptable taxon 
in classification." This writer finds it difficult to 
reconcile these statements with his {Simpson, 1945) clas­
sification. The discussions in Simpson's (1945) monograph 
allude to uncertainties with regard to the phylogenetic 
positions of Hyracoidea within Paenungulata. Paenungulate 
taxa, extinct and extant, are widely distributed; their 
geographical distribution covers all five biogeographical or 
faunal regions.
First discoveries of paenungulate fossil materials were 
made in the Fayum, northeast Africa (Andrews, 1904; Osborn, 
1942; Domning, 1978b; Meyer, 1978; Patterson, 1978) and the 
paenungulate's present distribution includes this continent 
(Fig. 52b). Recent discoveries of proboscidean material 
outside the African continent alter earlier views on the 
place of origin of the Proboscidea and Paenungulata (or 
Tethytheria) as a whole (cf. 52a and 52b). The oldest fos­
sil records of the earliest paenungulate species (after 
Simpson, 1945) date to the Paleocene and possibly to the 
upper Cretaceous [e.g., that of Pantodonta in North America; 
Simpson (1945:131), Savage and Russell (1983:43), and that 
of Cimolestes simpsoni (Savage and Russell, 1983:25)]. This 
record stretches to the Oligocene (e.g., that of 
Embrithopoda in Africa). These differences, in the range in 
time of the oldest fossil records and their geographical
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distribution, plus the possibility that continents by that 
time, may have completely separated as part of their move­
ments on the Earth's crust could be part of the reason for 
Simpson's change in thoughts as expressed in his letter. 
Nichols (1962), Kurten (1969), Thenius (1972), Nelson and 
Platnick (1981), and Atallah (1977) discuss aspects of 
zoogeoraphy and biogeography in relation to systematics and 
evolution and provide background information for better 
understanding the subjects discussed above.
Cretaceous period 
(c. lOOm.y.ago)
B w M  «  South M U n tc  *> fl I f r in n  Oc— m  t o ™ 3
Paleocene Epoch o f the 
Tertiary period 
ic . W m .y , ago)
^^ Ccntral 
\  Atlantic 
fe Ocean
Eocene Epoch o f the 
Tertia ry  period 
(c. 50m .y.ago)
Oligocene Epoch o f  the 
Tertia ry  period 
(c. 10 m y .  ago)
Figure 52a. Geometric and geographic reconstruction of the world's continents during 
four geological time periods, shoving changes that occurred at the boundaries of the 
Tethys Sea. Members of Tethytheria (McKenna, 1975, and pers. comm.) are believed to have 
inhabited the shores of the Tethys during the Eocene and possibly at an earlier geological 
epoch. [Figures after Tarling, 1980; see also Press and Siever, 1974; and Savage and Rus­
sell, 1983; cf. Fig. 52b.]
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Figure 52b. Star at the northeast corner of the African 
continent indicates the Fayum locality (Eocene-Oiigocene), 
of today's Egypt, where fossil remains of Sirenia 
(represented by T = Trichechus seneqalensis), Proboscidea 
(represented by L ■ Loxodonta africana). and Hyracoidea 
(represented by P = Procavia capensis) were first found. 
Subsequent discoveries of representatives of these three or­
ders outside the African continent expand their habitat to 
include the shores of the ancient Tethys Sea [the basis for 
McKenna's (1975) Tethytheria (cf. Fig. 52a); Simpson (1945) 
included these three orders in the Paenungulata]. Fossil 
remains of Tubulidentata (represented by 0 * Orycteropus
afer) were found in Madagascar, Africa, and Eurasia. Based 
on morphological and molecular evidence T, L, and P share a 
monophyletic origin; but O is part of this group based 
primarily on molecular evidence [cf. Figs. 32 and 27 and see 
Section VI (Volume I) for details]. Artwork by J. Petzoldt, 
Design Services, WSU.
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I. I N T R O D U C T I O N
A. T H E  P R O B O S C I D E A :  P H Y L O G E N Y  A N D  C L A S S I F I C A T I O N
Understanding evolutionary relationships within the 
family Elephantidae would be made easier if we briefly 
review the phylogenetic position of Elephantidae within the 
context of the order Proboscidea as a whole. This would 
also elucidate why Mammut and Gomphotherium. and not other 
proboscidean taxa, were chosen as outgroups to study 
relationships among Elephantidae species. Good reviews on 
early proboscidean taxa and on Proboscidea as an order can 
be found in Andrews (1904), Matsumoto (1922, 1923), Watson
(1946), Romer (1966), Spinage (1972), Tassy (1977, 1979, 
1982), Coppens and Beden (1978), Coppens et al. (1978), and 
Harris (1978).
Classification schemes often provide an overview of the 
current thoughts on the affinities among the taxa involved 
(assuming that, on the whole, the hierarchy and the order of 
which taxa are listed in a specific classification follows 
from primitive to more derived forms). Tables 45a and 45b 
include comparisons among six classifications with a span of 
50 years between the two extremes (Osborn, 1936; and McKen­
na, pers. comm., 1986). Significant differences include the 
inclusion or exclusion of: (1) Moeritherioidea,
Barytherioidea, and Deinotherioidea in or from the order 
Proboscidea; (2) Mammutidae (=Mastodontidae) in with the 
true elephants (Elephantoidea, Euelephantoidea, or Gom-
Table 45a. Classifications of the Proboscides (abridged) according to five schemes. (')
Osborn. 1936. 1942 (') Simpson, 1945 (1 )
Maglio, 1973 
Coppens et al., 1978 {') Madden. 1983 (’)
McKenna's, working version 
dated January 22, 1986 (')
Moerltherioldea Moer1ther1oldea Moer1therIoldea
Anthracobun1dae
Moer1ther1i dae Moer i ther1idae Moer1ther1Idae
BarytherIoldea Barytherioldea
BarytheriIdae Barytheriidae
Delnotherioldea Deinother1oldea Deinotherioldea
De1nother11dae De1nother11dae Delnother1Idae
Mastodonto1dea Elephantoidea Mammutoidea Palaeomastodonto 1dea E1ephantoi dea
Mastodont idae Mammut idae Mammut idae Palaeomastodont idae Mammutidae
Mastodont1nae Mammutinae Mammut1nae
Mammut (Mastodon) Mammut Mammut Mammut Mammut
StegolophodontInae Stegodont idae Stegodont idae i.s. Stegodont1nae
SteaoloDhodon Steqolophodon Stegolophodon Steaotetrabelodon
BunomastodontIdae Stegodon Steaodon Stegolophodon
Gomphother1i nae Gomphotherloidea E1ephantoidea Stegodon
Gomphotherium (’) Gomphother1Idae Gomphotheri1dae GomphotheriIdae Gomphother11dae
HumboldtIdae Gomphother11nae Gomphother1i nae Gomphother1i nae Gomphotheriinae
Serrident 1dae Gomphother1urn Gomphotherlum Gomphother1urn Gomphother1urn
Stegodontoidea Rhynchotherlinae Amebe1odont1nae i.s. Rhynchother1inae
Stegodont1dae PIatybelodont inae i.s. Platybelodontinae
Stegodontinae Cuvier ioninae i.s. Cuv1er1 on i nae
Stegodon Ananc i nae i.s. Anancinae
Elephantoidea Incertae sedis Incertae sedis
E1ephant idae E1ephant1dae E1ephant1dae E1ephantIdae Elephantidae
Loxodont1nae Stegodont inae Stegotetrabelodonti nae
Loxodonta Steaolophodon Steaotetrabelodon
Palaeoloxodon Stegodon Stegodlbelodon
Hespero1oxodon E1ephantInae E1ephant i nae Phanaaoro1oxodon
Elephant inae Pr1 me1ephas Prlmelephas Protelephas
E1ephas Loxodonta Loxodonta Loxodonta Loxodonta
Hespelephas Elephas E1ephas E1ephas E1ephas
PI ate1ephas Mammuthus Mammuthus Mammuthus Mammuthus
Mammuthinae
Archldlskodon
Metarchlskodon
Pare1ephas
Mammonteus
S :5, F :8, G:44 (•) S :4, F :6, G :24 S :2, F :4, G:15 S :2, F :4, G:31 S :4 . F :7, G :35
Footnotes to Table 45a (following Table 45b)
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Table 45b. Classification of the Proboscidea as presented by Tassy, 1985:74. [His title for Table 10 
reads: "Classification des Proboscidea adoptee dans cet article." (I.s. = Incertae sedis)].
Tethytheria MCKENNA. 1975
Proboscidea ILLIGER, 1811 
BarytherIum ANDREWS, 1901 
Moer1therium ANDREWS, 1901 
Deinotheriidae BONAPARTE. 1845 
"Prodeinotherium" EHIK. 1930 
Delnother ium KAUP, 1829 
Elephantoidea GRAY. 1821
Palaeomastodon ANDREWS, 1901 
Phiom1a ANDREWS 8 BEADNELL, 1902 
Hemimastodon PILGRIM, 1912 
Mammutidae CABRERA, 1929
Eozyqodon TASSY & PICKFORD. 1983 
"Zygolophodon" VACEK, 1877 
Miomastodon OSBORN, 1922 
PIioraastodon OSBORN. 1926 
Mammut BLUMENBACH. 1799 
i.s. Amebelodont1dae BARBOUR. 1927 
i.s. Serbelodon FRICK, 1933 
Archaeobelodon TASSY, 1984 
Protanancus ARAMBOURG, 1945 
Amebelodon BARBOUR, 1927 
Platybelodon BORISSIAK, 1928 
? Gnathabelodon BARBOUR & STERNBERG, 1935 
I.s. Choerolophodon SCHLESINGER. 1917 
i.s. Gomphotheres
"Gomphotherlum" BURMEISTER, 1837
i.s. Rhvnchother i um FALCONER, 1868 
Eubelodon BARBOUR. 1914 
Cuvieronlus OSBORN, 1923 
Haplomastodon HOFFSTETTER, 1950 
Notiomastodon CABRERA, 1929 
Stegomastodon POHLIG. 1912 
I.s. "Tetralophodon" FALCONER. 1857 
Anancus AYMARD, 1855 
i.s. Paratetralophodon TASSY, 1983 
i.s. Stegodontidae OSBORN, 1918
"Stegolophodon" SCHLESINGER, 1917 
Stegodon FALCONER, 1857 
i.s. Elephantidae GRAY, 1821
Steaotetrabelodon PETROCCHI, 1941 
Elephantinae GRAY, 1821
I.S. Prime!ephas MAGLIO, 1970
i.s. Steqodlbelodon COPPENS. 1972 
Loxodonta F. CUVIER. 1827 (■)
Mammuthus BURNETT, 1830
E1ephas LINNE, 1758 S:2+. F:5+, G:37 (■)
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Footnotes to Tables 45a and 45b.
1. Breakdown to subfamilies and genera is given to Elephantldae taxa and those genera that were employed as outgroups to study 
relationships within the Elephantidae. The Stegodontidae genera are listed as an interest for possible ancestral stock (as sug­
gested, for example. 1n the classification of Simpson, 1945) to the bona f1de Elephantldae genera (a'la Maglio, 1973, and Coppens 
et al.. 1978).
2. Terminology given here is ‘.ith revised nomenclature (after Simpson, 1945:247-249) to correspond to other classification. For 
example, the name Curtognathidae of Osborn (1936) was substituted with Deinotheriidae (see also note 7 below).
3. Romer (1966) classification of the Proboscidea is essentially that of Simpson (1945).
4. Classification Includes only African taxa (see note 8 below), young (1981) adopted this classification but added the suborders 
Moer1ther1oidea and DeinotherIoldea as In Osborn's classification (first column on left).
5. This classification is presented without evidence. (Evidence is to be presented 1n Part II of this paper: see Madden. 1983:59.)
6. Until this author has the opportunity to study the relationships conveyed in this scheme, the following questions arise: Inclu­
sion of Anthracobunidae in Moeritherloidea. Inclusion of Stegotetrabe1odon In Stegodontinae, and StegodontInae 1n Mammutidae. 
[The i.s. (=Incertae sedIs) are not of MCM but as per letter (dated 23 May 1986) from Pascal Tassy.) Also, the author Is not 
familiar with the Elephantldae genera Phanagoroloxodon or Protelephas [Maglio (1973) did not Include these two genera In his 
monograph even though he cited Garutt's references (the original references for these genera)]. See. however. Table 45b, for the 
recent classification presented by Tassy (1985).
7. "Tri1ophodon1 as used by Osborn ( 1936,1942). but Simpson ( 1945:248), based on the Rules of Nomenclature, concluded that Gom­
photherlum (the type for G_^  angust idens) antedates Tr11ophodon. On this Issue. Simpson (1945:248, footnote No. 1) wrote: "The 
question of -^GomphotherIum as against +Tr11ophodon is one of the most complex in all nomenclature..." (see also note 2 above).
8. Summary of taxa as recognized by these authors. Key: S = suborders or superfamilies, F = families, G = genera (not all listed). 
Summary for Osborn Is from 1942:1524-1527; for Simpson from 1945:132-134, not 1945:249 (including Moer1ther1oldea, 
Barytherioidea, and Deinotherioidea); for Maglio (1973) and Coppens et al. (1978:339-360) the numbers of families and genera are 
the lowest, partly because they Include only African taxa; for Madden from 1983:59-60; for McKenna from unpublished classifica­
tion (file PROBOSCI In library MCKDATA:1-4); and for Tassy from 1985:74. Breakdown to subfamilies was provided by all authors 
but Madden's (1983) subdivisions also include tribes and subtribes.
9. According to Domning and Shoshani (1982:307), 1t should read "Loxodonta Anonymous, 1827".
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photherioidea), and (3) Stegodon and Stegolophodon in the 
Elephantidae.
Figures 53 and 54 depict phylogenetic relationships 
among proboscidean taxa after Osborn (1934) and modified 
after Coppens et al. (1978), respectively. [The Osborn 
(1934) tree is similar to those of Osborn (1936, 1942), ex­
cept, for example, that Stegodon is not a member of the 
Elephantidae.] Although much fossil material has been dis­
covered since Osborn's day, his general outline of the 
relationships within the Proboscidea is not much different 
from that of Coppens et al. (1978). Later in this disser­
tation I shall present (Fig. 80), a modified tree of that 
given by Coppens et al. (1978), incorporating evidence from 
my studies and information from Tassy (1977, 1979, 1982), 
Domning et al. (1986), and McKenna's unpublished clas­
sification (pers. comm., 1986).
B. THE ELEPHANTIDAE
The family Elephantidae was established by Gray in 
1821. It includes six genera and 26 elephant species 
(Maglio, 1973; Coppens et al., 1978). The African elephant 
(Loxodonta africana) and the Asian elephant (Elephas maxi- 
mus) are the only living representatives; members of the 
other four genera are extinct. The mammoth (Mammuthus sp.) 
whose numerous fossil remains have been unearthed in Africa, 
Eurasia and North America is the next best known genus (Os­
born, 1926; Farrand, 1961; Kurten, 1968; Kurten and 
Anderson, 1980; Kreps et al., 1980, 1981; Vereshchagin and
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Baryshnikov, 1985; Vereshchagin and Ukraintseva, 1985). The 
other three genera, namely Steqodibelodon sp., 
Stegotetrabelodon sp., and Primelephas sp. are more 
generalized, basal forms of the Miocene-Pliocene (see 
Fig. 55 after Maglio, 1973 and Coppens et al., 1978). In 
this study, only the better represented genera of the 
Pleistocene to Recent, i.e., Loxodonta, Elephas and Mam­
muthus , are considered. Whenever possible, Gomphotherium 
sp. (family Gomphotheriidae; not shown on this cladogram, 
see, however, Fig. 80) and the American mastodon (Mammut 
americanum, family Mammutidae), were employed as outgroup 
taxa (see Fig. 56).
A scent
or
Phytogeny 
o f the 
Proboscides.
Ascent phyla, o f  Elephants and Aiastodonts. After Osborn in the y e a r  1926
Figure 53. Relationships among proboscidean taxa (from Osborn, 1934:178). Note that in 
the memoirs of Osborn (1936, 1942, both published posthumously) this writer could not find 
a simplified figure as this to depict an overall phylogeny of the Proboscidea. A major 
difference between this phylogeny and later thought of Osborn (as expressed by the editors 
of Osborn's memoirs) is that the Stegodon was removed from the family Elephantidae (see 
Table 45).
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A CLASSIFICATION OF FIVE PROBOSCIDEAN SPECIES 
EXAMINED EXTENSIVELY IN THIS STUDY
CATEGORY
Kingdom
Phylum
Subphylum
Class
Order
Suborder
Family
Genus fc Species 
Suborder 
Family
Genus £ Species
Family
Genera fc Species
* ■ Extinct
TAXON
Animalia 
Chordata 
Vertebrata 
Mammalia 
Proboscidea 
Mammutoidea 
Mammutidae 
Mammut americanum* 
Gomphoterioidea 
Gomphotheriidae 
Gomphotherium anqustidens* 
Elephantidae 
Loxodonta africana 
Elephas~~maximus 
Mammuthus primraenlus*
TODAY
Pigure 54. Relationships and classification of the five
froboscidean genera extensively examined in this study modified after Maglio (1973) and Coppens et al. (1978), see 
also Natl. Geog. Mag., 158(5):582-583J.
Hb
CM
II
^ f R l C A * S l A
m
^ ^ B£L WoPle is tocene Pliocene
Figure 55. Radiation of the family Elephantidae (after Maglio, 1973:77 and Coppens et 
al., 1978:361).
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Mammut Loxodonta Elephas Mammuthus
mm
(657)
1713)
(708)
Figure 56. Traditional relationships among the Elephantidae, based mostly on defi-tal 
evidence (e.g., Aguirre, 1969; Maglio, 1973), as depicted in cladogram A. Cladograms B 
and C are alternative hypotheses tested. Mammut americanum was employed as an outgroup 
taxon. Tree lengths derived by the Parsimony computer analyses (numbers in parentheses) 
are given for each cladogram [after Shoshani et al., 1985c; cf. Figs. 79 and 80].
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Most of the evidence supporting the phylogenetic unity 
of the Elephantidae (Fig. 56A) is based on dentition 
(Aguirre, 1969; Maglio, 1973). As can be seen, Figure 56A 
depicts Mammuthus and Elephas as more closely related to 
each other than either is to Loxodonta. The skulls, par­
ticularly the teeth, of earlier species of Mammuthus and 
Elephas closely resemble each other. This has resulted in 
differences in identification and nomenclature. Indeed, 
many specimens considered today as Mammuthus were described 
as Elephas in earlier publications (e.g., Blumenbach, 1779). 
Recent authors like Ezra and Cook (1959) and Krause (1978) 
still use the genus Elephas for the woolly mammoth, even 
though many earlier and contemporary workers use Mammuthus 
(e.g., Osborn, 1936 and 1942; Simpson, 1945; Aguirre, 1969; 
Maglio, 1973). Loxodonta is believed by most workers to be 
a distinct genus (Cuvier, F., 1825; Osborn, 1936 and 1942; 
Simpson, 1945; Deraniyagala, 1955; Romer, 1966; Aguirre, 
1969; Sikes, 1971; Maglio, 1973; Jones, 1984). Nonetheless, 
Lydekker (1907, 1916), basing his opinion on external mor­
phology, designated Loxodonta as a subgenus of Elephas. 
Thus, according to Lydekker, the African elephant should be 
listed as Elephas (Loxodonta) africana. The present study 
provides additional evidence for the distinctions between 
the three elephantid genera examined and the phylogenetic 
relationships among them.
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C. OBJECTIVES
This study involves testing the classical, dental-based 
hypothesis that Mammuthus and Elephas are more closely re­
lated to each other than either is to Loxodonta (see 
Fig. 56A). Other alternative hypotheses for the 
relationships among the Elephantidae were also tested.
Methods for testing the phylogenetic relationships in­
cluded immunological and osteological investigations.
II. LITERATURE REVIEW
A. THE ELEPHANTIDAE AND PROBOSCIDEA IN GENERAL
A.I. The Proboscidea: general introduction
"One of the most spectacular stories in mammalian 
evolution is that of the order of Proboscidea— the mas­
todons, elephants, and related types." (Romer, 
1966:248).
Until recently, it was believed that the Proboscidea 
had its origin in Africa; this was based mostly on the 
materials found in the Fayum basin (in today's Egypt) of the 
Eocene - Oligocene (Andrews, 1904; Osborn, 1936, 1942; 
Romer, 1966; Coppens et al., 1978). Discoveries of new 
proboscidean materials from India and Pakistan, however, 
shed new light on the origin and geographical distribution 
of this order (West, 1980, 1983; Wells and Gingerich, 1983). 
The rocks in which the Asian bones were found are from older 
geological strata than those of the African counterpart 
(late-early to early-middle Eocene in Asia versus late 
Eocene to early Oligocene in Africa) but are apparently of 
the same general habitat - near shore environment on both
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sides of the ancient Tethys Sea (West, 1984 and references 
cited therein; Bown et al., 1982).
Fossil evidence shows that at various times during the 
Cenozoic era the proboscideans, through adaptive radiation, 
lived on all the continents of the world except Australia, 
Antarctica, and some islands. Their geographical distribu­
tion (Fig. 57) ranged from austral to boreal latitudes and 
from sea level up to elevated mountain habitats, e.g., the 
Andean Mastodon [(Cuvieronius andium); Osborn, 1936, 1942] 
see also Dubrovo, 1981. Within this geographic distribution 
they have expanded from the purely aquatic and amphibious 
habitat of the moeritheres (Moeritherium sp.) through 
swamps, rivers, shallow lake edges, savannahs, forests, 
tundras, as well as to the other extreme— desert habitat; 
e.g., Mammuthus africanavus, Platybelodon sp. of the Gobi 
Desert and of Nebraska, and some populations of present day 
Loxodonta africana (Andrews, 1904; Osborn, 1936,1942; Cop­
pens et al., 1978; Madden, 1980; Walker, 1982). Douglas- 
Hamilton and Douglas-Hamilton (1980) provided a distribution 
map for Loxodonta africana and Olivier (1978) for Elephas 
maximus; see also Gao (1981) for the present status of 
elephants in China, and Li and Li (1984) for mammoths in 
China. Anderson (1984) provided an overview of mammals1 
(including Proboscidea) existence in the Pleistocene, and 
Agenbroad (1984) focused on the distribution of mammoths in 
the New World.
While evolving, the proboscideans became remarkably
CENTRAL'!
AMERICA!
Indian Ocean
COKftlCQ fT DONALD L CAAtlCI 
DATA CMNlKD FltOtf MATERIAL
sum jca it  j (mcsul smmmaniNATNt n»Ti uNrvtasin
Figure 57. Possible migratory routes and geographical distribution of proboscidean taxa. 
Note that Moeritherium (Moeritherioidea) and Deinotherium (Deinotherioidea) are excluded 
from this map because at the time that this hypothesis went to press (See Natl. Geog. 
Mag.r 158(5):582-583], the author followed Coppens et al.'s (1978) points of view. World 
distribution of Proboscidea (including Moeritherium and Deinotherium) was given by Osborn 
(1942:1528, 1538), and of Elephantidae by Maglio (1973:113^ 115-116). [See also West,
1984; Wells and Gingerich, 1983; and Domning et al., 1986, for more recent hypotheses].
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unique in that they possessed some very specialized as well 
as some generalized or primitive characters. The special­
ized characters are manifested by the presence of the trunk 
(proboscis) and by very large sized and peculiar dentition, 
while the generalized features are represented, for example, 
by parts of the circulatory system and locomotion. As a 
result, the proboscideans are considered among the most 
specialized mammals (a brief discussion with references was 
given under INTRODUCTION above).
One can deduce that the highly diversified probos­
cideans evolved and radiated into a very complex 
phylogenetic tree which is not at all easy to interpret, 
especially since there was a great deal of parallel evolu­
tion within this order of mammals.
Indeed the diversified adaptation and the vast number
of species recognized led many authors, past and present, to
disagree about the groupings and/or classification of taxa
within the Proboscidea. However, as fossil material has
become available, new light has been shed and revised sys-
tematics and evolutionary trends have been formulated.
Listed below are the four groups/schools which have directly
or indirectly influenced our thoughts on the evolution and
classification of the Proboscidea:
Group I. Pre-Osbornian, including: Linnaeus, C. (1758),
Blumenbach (1779), Illiger, C. (1811), Gray, 
J. E. (1821) and Andrews, C. W. (1904).
Group II. Osborn, H. F. (1936, 1942) and followers. N. B.
Osborn recognized and described 352 species!
Group III. Simpson, G. G. (1945)/ Romer, A. S. (1966) and 
others, including Young, J. Z. (1962), Colbert, 
E. H. (1969).
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Group IV. Maglio, V. J. (1973)/Aguirre, E. (1969), Coppens 
et al. (1978), Tassy (1982, 1985), and Madden
(1983).
Group V. West (1980, 1983, 1984), Weis and Gingerich
(1983).
A.2. The Elephantidae: an overview
The chronology with which Elephantidae fossil material 
was found, its abundance and diversity, influenced the then 
current thoughts of phyletic relationships. Until 1832 only 
one extinct elephantid species (Mammuthus primiqenius) was 
known, and during the 19th century additional Elephantidae 
species dating from early-mid Pleistocene were discovered 
(Maglio, 1973). The lack of fossil material from sub- 
Saharan Africa was evident. According to Maglio (1973) the 
European fossils were already too specialized to be an­
cestral forms to the Elephantidae. One genus, however, 
Stegodon, represented (according to earlier thoughts), a 
more primitive stage than Elephas and Mammuthus, and thus it 
was believed to have given rise to other elephantid lineages 
(see Fig. 58, after Maglio, 1973).
As additional fossil material was being discovered, 
workers (e.g., Osborn, 1936, Aguirre, 1969) recognized that 
Stegodon was indeed too specialized and Stegolophodon was 
selected instead as a progenitor for the Elephantidae. 
During the 60's a wealth of Elephantidae (and Proboscidea) 
fossil material was discovered in sub-Saharan Africa (much 
of it in Kenya). This newly discovered material shed new 
light on the diversity and evolution of the Elephantidae; 
many of the species discovered proved to be intermediate
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Figure 58. Four early views on the relationships among species of elephants. Originals 
from: A (Leith Adams, 1881); B (Weithofer, 1888); C (Gaudry, 1888); D (Soergel, 1912)
[after Maglio, 1973:7],
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forms between known elephant and gomphothere species. These 
transitional species (Steqotetrabelodon syrticus and 
Primelephas qomphotheroides) were the "straws" that led 
Maglio (1973) to conclude that the roots of Elephantidae 
should be sought within the Gomphotheriidae and not within 
the Stegodontidae.
As with many new ideas, it takes time for them to be 
accepted. Unfortunately, a number of popular and scholarly 
articles and books, until recently, included Stegodon in the 
Elephantidae, and depicted, and/or implied, that Stegodon 
gave rise to Elephantidae species [see for example Fig. 12 
in Carrington (1958); Fig. 144 in Colbert (1969), an issue 
that was corrected in a later edition (Fig. 159 in Colbert, 
1982); Fig. 1 in Sikes (1971); and the phylogeny of Probos­
cidea on page 65 in Halstead (1978)].
B. LITERATURE CONCERNED WITH MORPHOLOGICAL ASPECTS 
B.l. Group I. Pre-Osbornian Period
Linnaeus (1758) lumped Elephas together with sirenians, 
sloths, anteaters and pangolins in one order - "Bruta”. 
Blumenbach (1779) used the name Elephas to include the three 
species (Loxodonta, Elephas. and Mammuthus) classified by 
recent workers in the Elephantinae [e.g., Maglio (1973)]. 
Illiger (1811) established the name Proboscidea and Gray 
(1821) the Elephantidae. Material discovered in the Fayum 
(Egypt) and elsewhere was brilliantly summarized and inter­
preted in a broad context of the Proboscidea by Andrews 
(1904, 1906); these latter works served as the foundations
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for Osborn's (1936, 1942) research.
B.2. Group II. Osborn
Undoubtedly, Osborn's contribution to our knowledge of 
the Proboscidea was of great historical importance. In the 
words of Simpson (1945:247) "...his (Osborn's) monograph
will always be the principal basis for further work on the 
Proboscidea..." Research for the two volumes (named 
Proboscidea) was carried out, with much help, over a period 
of 45 years and intensely during the last 15 years of his 
life. Volume I (subtitled "Moeritherioidea,
Deinotherioidea, Mastodontoidea") was published in 1936 and 
Volume II (subtitled "Stegodontoidea, Elephantoidea") was 
published in 1942 (Osborn died in 1935).
Many of the species described by Osborn were based on 
too few specimens (sometimes only one), and thus, as new 
fossil material was being discovered, it became apparent 
that many of Osborn's species were variants of the same 
species. The 352 species recognized and/or described by 
Osborn often necessitated the creation of new categories to 
place them in (usually one genus per subfamily). Critics 
stated that Osborn was not a true Darwinian; his clas­
sifications (known as Osbornian classifications) were highly 
polyphyletic (see details in Shoshani, in press). His op­
ponents also claim that he was ostentatious in his approach 
and conclusions.
Simpson (1945:244-245) criticized Osborn for using un­
conventional classifications and for disregarding the Law of
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Priority; "In practice Osborn adopted the names that seemed 
to him most suitable and historically important, as a matter 
of personal opinion that could hardly be reduced to a set of 
rules." Nonetheless, the proboscidean classification 
adopted by Simpson (1945) is based primarily and in greatest 
part on Osborn, incorporating material from earlier litera­
ture (Table 45 provides a comparison of five classifica­
tions).
B.3. Group III. Simpson (1945)/Romer (1966) and others
Simpson (1945), Romer (1966), Young (1962), and Colbert 
(1969) did not add new information but elucidated some 
problems encountered in earlier literature and presented 
illustrations for better understanding. Simpson (1945), in 
particular, revised Osborn's classification of the Probos­
cidea (see above). Young (1981, a 3rd ed. of 1962) incor­
porated new material from Coppens et al. (1978) (see below).
B.4. Group IV. Maglio (1973)/Aguirre (1969), Coppens et 
al. (1978), Tassy (1982, 1985), Madden 
(1983)
Aguirre (1969) contributed substantially to our under­
standing of evolutionary trends within the Proboscidea in 
general and the Elephantidae in particular. Quantitative 
analyses of dental characters enabled Aguirre (1969) to 
reconstruct a "Proposed Phylogeny of Elephantidae." 
(Aguirre's Fig. 8), which is not much different from the 
phylogenies suggested by Maglio (1973), who often referred 
to Aguirre's (1969) work.
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Perhaps the best research on nomenclature, systematics, 
and phylogeny of the Elephantidae is that of Maglio (1973). 
In his monograph Maglio (1973) sorted out many of the 
problems associated with names given to species and sub­
species. In this regard, Maglio was a lumper not a split­
ter. For example, Maglio (1973) recognized five Elephan­
tidae genera and a total of 25 species distributed as fol­
lows: 2 Steqotetrabelodon, 2 Primelephas, 3 Loxodonta, 11
Elephas, and 7 Mammuthus. (In 1978 Coppens et al. increased 
this total to six genera and 26 species.). These five 
Elephantidae genera and 25 species are between 1/4 and 1/5 
of the number given by Osborn (1936, 1942) - 10 genera and 
111 species. Garutt (1958) added two new elephantid genera, 
Protelephas and Phanaqoroloxodon. If we focus our attention 
on one species (Mammuthus columbi), then, according to 
Maglio, (1973:63) there were six synonyms assigned to M. 
columbi, including jeffersonii, roosevelti, and floridanus 
which were given a species rank by other authors (see 
Maglio, 1973).
Maglio's lumping was made possible by comparing many 
previously discovered, but forgotten, specimens at various 
museums as well as by incorporating newly discovered 
specimens (mostly from Kenya in 1965 and 1967), some of 
which fit in existing series of specimens of a particular 
species. Yet other newly discovered specimens proved to be 
new species that shed light on the evolutionary patterns of 
Proboscidea in general and elephantid species in particular.
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Elephantologists are much indebted to Maglio*s contribution 
for elucidation of the many problems associated with 
elephants' evolution by documenting the fossil records 
worldwide and providing tables, charts and possible 
migratory routes of elephants from Pliocene to Recent. 
Figures 13 and 15 (in Maglio, 1973) and Fig. 17.2 (in Cop­
pens et al., 1978) summarize Maglio*s evolutionary 
relationships among the six genera and 26 species of 
elephants (see also Fig. 56A in this dissertation). These 
relationships are based mostly on dental evidence.
Recently, Shoshani et al. (1985c) examined non-dental 
osteological characters and reached a conclusion similar to 
that of Aguirre (1969) and Maglio (1973). The American 
mastodon (Mammut americanum) was employed as an outgroup in 
Shoshani et al. (1985c). Data of Shoshani et al (1985c, but 
presented in 1982 in Helsinki, Finland) were expanded, re­
examined and analyzed by a second computer program (Swof- 
ford, 1984; the first program was of Goodman et al., 1982), 
and the results are presented in this dissertation.
The work of Tassy (1977, 1979, 1982, and 1985) is
thorough and well documented; it covers both dental and non­
dental aspects. Tassy*s publications deal with all known 
proboscidean higher categories, including the
Moeritherioidea, Barytherioidea, Deinotherioidea, Mam- 
mutoidea, and Elephantoidea. Unlike recent authors (e.g, 
Coppens and Beden, 1978; Coppens et al., 1978) who excluded 
Moeritherium from the Proboscidea, the 1979 paper by Tassy
366
concluded affirmatively that the Moeritherium is a bona fide 
proboscidean genus. The 1985 monograph of Tassy is a com­
pendium of proboscidean morphology, systematics, and clas­
sification. Madden's (1983) classification is presented 
without evidence [evidence is to be presented in Part II of 
this paper (see Madden, 1983:59)].
B.5. Group V. West (1980, 1983, 1984), Wells and 
Gingerich (1983)
A turning point in our understanding of proboscidean 
origin and their past geographical distribution was made 
possible through the description of newly discovered fossil 
material from India and Pakistan by West (1980, 1983) and 
Wells and Gingerich (1983). To be exact, it was Pilgrim 
(1912, 1940) who first described the Asian moeritheres and
recognized the new genus Anthracobune (Pilgrim, 1940). 
Pilgrim's (1912, 1940) work remained shelved until new
material was described and the collection, old and new, was 
reinterpreted (West, 1983; Wells and Gingerich, 1983).
According to West (1983) the South Asian material in­
cludes three species (Anthracobune pinfoldi, A. pilqrimi, 
and Lammidhania wardi) which are more primitive than the 
African Moeritherium. Most of the descriptions by West 
(1983) and Wells and Gingerich (1983) are based on dental 
material. The non-dental parts, as much as can be ascer­
tained from West’s (1983) descriptions, are in agreement 
with the characters examined by me.
The Asian species of Proboscidea date from the late- 
early to early-middle Eocene epoch, which is slightly older
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than that of the African moeritheres (late Eocene to early 
Oligocene). Sedimentary rocks in both Asia and Africa 
where the proboscidean fossils were found bear evidence of 
amphibious habitat which existed on both sides of the an­
cient Tethys Sea (West, 1983, 1984 and references cited
therein; Bown et al., 1982). Until further evidence becomes 
available, it appears that the earliest proboscideans in­
habited the region of the world which is known today as 
southern Asia and not that known as Africa, as was 
hypothesized previously.
C. LITERATURE CONCERNED WITH MOLECULAR ASPECTS
A meaningful phylogenetic comparison must include at 
least three species, for the two would naturally be close to 
each other. The order Proboscidea, family Elephantidae, 
includes only two extant species; the rest are extinct (see 
above). For these reasons molecular investigations in quest 
of phylogenetic answers were not possible until the dis­
coveries of mammoths with soft tissues attached, or until 
sophisticated techniques (such as radioimmunoassay) enabled 
us to examine minute quantities of proteins in bones of 
mammoths and mastodons.
As far as can be ascertained from the literature, in 
addition to this study, only five others have been conducted 
with mammoth blood; four of these studies (Bialinitzkii- 
Birula, 1909; Zalenskii, 1909a; Gautrelet and Neuville, 
1914; Neuville and Gautrelet, 1915; Barnhart et al., 1980) 
involved physiochemical reactions, spectroscopic, his­
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tological, and microscopic examinations. The fifth study 
(Friedenthal, 1905) involved immunological reactions, com­
paring blood of the mammoth and the Asian elephant only and 
not to other mammals, using rabbit antiserum to Asian 
elephant whole serum.
All the above mentioned authors studied blood samples 
of the woolly mammoth (Mammuthus primigenius). More 
specifically, Friedenthal (1905), Bialinitzkii-Birula 
(1909), and Zalenskii (1909a) all studied samples of the 
Berezovka (sometimes spelled Berezowka) mammoth discovered 
in 1900 (Augusta and Burian, 1962). Neuville and Gautrelet 
(1915) studied samples of the Volosovitch (or the Liachoff 
Island) mammoth discovered in 1910 (Digby, 1926), and 
Barnhart et al. (1980) studied samples of the Magadan 
("Dima") mammoth discovered in 1977 (Vereshchagin and Mik- 
helson, 1981). The present study and studies by Shoshani et 
al. (1981, 1985b, 1985c) include immunological results based 
on materials from three woolly mammoths: Khatanga, Magadan,
and Yuribey; the former paper by Shoshani et al. (1981) also 
includes histological findings, some of which were presented 
in Barnhart et al. (1980).
Mammoth muscle tissues were also employed in 
phylogenetic studies by Prager et al. (1980, 1981),
Lowenstein (1981, 1985), Lowenstein et al. (1981), and
Shoshani et al. (1981, 1985b, 1985c). The latter study
(Shoshani et al., 1985b) also included, for the first time, 
immunological results obtained from protein (collagen) ex­
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tracted from bones of an American mastodon (Mammut 
americanum).
III. MATERIALS AND METHODS
See Volume I .
IV. RESULTS
A. RESULTS FROM BLOOD, MUSCLE, AND BONE SAMPLES 
A.I. Immunodiffusion results
Tables 46 and 47, and Figs. 59 and 60 summarize the 
immunodiffusion results concerning the relationships among 
the proboscidean species examined in this study. These 
proboscideans include three Elephantidae species (Elephas 
maximus, Loxodonta africana, and Mammuthus primigenius) and 
one Mammutidae (Mammut americanum) taxon.
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T a b l e  46. S u m m a r y  of I M D F N  r e s u l t s  o b t a i n e d  w i t h
c h i c k e n  a n t i s e r u m  ( c h i c k e n  No. 10) a g a i n s t  E l e p h a s
m a x i m u s  ( A s i a n  e l e p h a n t )  m u s c l e  h o m o g e n a t e .
Type of Anti serum— >
Taxon used as
test Antigen---|
V
TYPES Of TISSUE
SERUM1 MUSCLE * BONE3
Normal
Absor­
bed ( 4) Nor. Abs. Nor. Abs.
Elephas maximus Yes(s) No Y Y Y Y
Loxodonta africana Yes NO Y Y Y Y
Mammuthus primiqenius(‘) -(’) — Y Y Y Y
Mammut americanum — — - - Y Y
Trichechus manatus Yes NO Y Y Y N
Procavia capensis Yes No Y N - -
Orycteropus afer No No Y N - -
Equus caballus NO No Y N - -
Hippopotamus amphibius — — Y N - -
Bos taurus NO NO - - Y N
Canis latrans NO NO N N - -
Felis catus No No - - Y N
Homo sapiens No NO - - N N
Gorilla qorilla — — N N - -
Ratufa bicolor No No - - - -
Footnotes to Table 46.
1. Sera samples were either diluted or undiluted depending 
on experiments.
2. Muscle samples were the supernatants or homogenates at
a concentration of 40 mg/ml in most cases, and in a
protein range from 2.3 to 10.2 mg/ml. The pH of the
samples was close to 7, e.g., 6.9 for Elephas and 6.4
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for Manunuthus.
3. Bone samples were EDTA extracts, having protein con­
centration of 70-100 mg/ml from the living species and 
35-50 mg/ml from the extinct species.
4. Absorbed (Abs.) with serum from Asian elephant (Elephas 
maximus), 2 Parts of antiserum plus 1 Part of normal 
(Nor.) elephant serum. This absorption eliminated 
precipitin lines of the Elephantinae species and re­
lated taxa.
5. Yes (Y): indicates that precipitin lines were observed. 
No (N): indicates that precipitin lines were absent
(see Fig. 59).
6. Tissues of "Yuribey" and "Dima". Tissue of "Khatanga" 
did not produce precipitin lines in the immunodiffusion 
experiments, but did react with the more sensitive 
radioimmunoassay technique (see Tables 50, 51 and 
Fig. 63).
7. No data collected.
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Table 47. Summary of immunodiffusion results using 
unabsorbed chicken antiserum against Mammuthus 
primiqenius (woolly mammoth) muscle precipitate. x
TAXA USED AS TEST 
ANTIGENS
TYPES OF TISSUE
SERUM* MUSCLE *
Mammuthus primigenius (4) -{*) Yes
Elephas maximus No Yes
Loxodonta africana No Yes
Trichechus manatus No No
Procavia capensis NO No
Orycteropus afer No No
Hippopotamus amphibius — No
Equus caballus No No
Canis latrans — NO
Gorilla gorilla — No
Footnotes to Table 47.
1. Muscle homogenate (after saline extraction) was 
centrifuged (15,000 rpm at 4°C for 30 minutes), the 
supernatant was decanted to another test tube and the 
precipitate was used as an antigen for immunization as 
described in the text. Only the unabsorbed (normal) 
antiserum was employed in this experiment.
2. See footnote No. 1 in Table 46.
3. See footnote No. 2 in Table 46.
4. See footnote No. 6 in Table 46.
5. See footnote No, 7 in Table 46.
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Figure 59. Examples of immunodiffusion results using 
chicken antiserum against Asian elephant (Elephas maximus) 
muscle homogenate. The top row (A-B) shows resulti with
unabsorbed antiserum, and the middle and bottom rows (C-F)
show results with antiserum absorbed with Elephas maximus
whole serum (2 parts antiserum + 1 part of serum). Antigens
1-6, and 8 are muscle supernate; antigen 7 is whole serum;
antigens 9-12 are bone extracts. In A-D photographs of the
experiments are presented; results of C and D are drawn in 
1 1
C and D to delineate the faint precipitin lines. However, 
in E-F drawings of the results are shown because they 
photographed poorly; the precipitin lines were faint and the 
agar tended to be clouded but did not interfere with the 
reactions. Compare these results to those presented in 
Tables 46-51.
Key; Em «= Elephas maximus; Mp (D) = Mammuthus primiqenius, 
of "Dima"; M p ( y J =  of "Yuribey"; Mp (vj = Mammoth vertebra 
sample; La - Loxodonta africana; Ma = Mammut americanum;
Tm = Trichechus manatus. [This figure and Figs. 60-61 and 
63 are after Shoshani et al., 1985b.]
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Figure 60. Examples of immunodiffusion results using 
chicken antiserum against woolly mammoth (Mammuthus 
primiqenius) muscle precipitate, providing reciprocal 
evidence for the kinship of living elephants to the extinct 
woolly mammoth within the family Elephantidae. Wells A-D 
contain antisera and wells 1-8 contain antigens. All an­
tigens are muscle supernatants. Key: same as for Fig. 59. 
In the left column the photographs are presented, whereas in 
the right column, the same results are drawn to delineate 
the precipitin lines from the clouded agar. Compare these 
results with those presented in Tables 46-51.
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Columns two and three, from left, in Table 46, present 
data in which only sera of paenungulate taxa [Proboscidea, 
Sirenia (Trichechus manatus), and Hyracoidea (Procavia 
capensis)] produced precipitin lines with this chicken an­
tiserum against Elephas maximus muscle homogenate (CAAEMMH). 
Representatives of six other mammalian orders (including 
Tubulidentata) fail to produce precipitin lines. When this 
antiserum was absorbed, the absorption removed all the 
precipitin lines (second column from left in Table 46, and 
Fig. 59). This subset of experiments, though intended to 
examine intra-ordinal relationships within the order 
Proboscidea, revealed inter-ordinal relationships and the 
close affinity of the paenungulate orders. This close an­
tigenic similarity repeats itself in the next two subsets of 
experiments (columns four, five and six).
Experiments with muscle tissues revealed that ungulate 
(Artiodactyla and Perissodactyla) and paenungulate species 
produced precipitin lines with the normal (not absorbed) 
CAAEMMH, but only Elephantidae and a sirenian species 
(Trichechus manatus) produced precipitin lines with the ab­
sorbed antiserum, with the Trichechus line being weaker than 
Mammuthus line. Neither Procavia capensis nor Orycteropus 
afer (both are believed to be members of the Paenungulata 
based on this study and de Jong, 1982) produced precipitin 
lines with the absorbed CAAEMMH.
The absorption of CAAEMMH (Chicken No. 10) with serum 
of Elephas maximus removed the antibodies to albumin which
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yielded those precipitin lines of Elephas and Loxodonta 
muscle extracts (compare A and B to C and D in Fig. 59). In 
other comparisons (not shown) purified Elephas and Loxodonta 
serum albumins developed reactions of identity with this 
muscle extract antigen, establishing that it was indeed al­
bumin. (Albumin normally occurs extravascularly in body 
fluids as well as in plasma and serum.) The non-plasma 
tissue antigen, responsible for the precipitin line 
developed with the remaining antibodies in absorbed chicken 
No. 10, may have been associated with collagen as this is 
the main protein found in the mammoth muscle extracts 
(Goodman et al., 1980).
Among the three subsets of experiments, bone samples 
appear to have the widest range of specificity with not ab­
sorbed (normal) CAAEMMH and the narrowest range of 
specificity with the absorbed antiserum. This is indicated 
by the precipitin lines of Felis catus (Carnivora) with the 
normal antiserum and the precipitin lines produced only by 
the proboscidean species with the absorbed antiserum. Note 
that although not all tissues of all the species were 
represented in each of the three subsets of experiments 
(serum, muscle, and bone), there were overlapping tissue 
samples within species of a mammalian order to cover most of 
the possible combinations. The fact that only bone samples 
of the four proboscidean species produced precipitin lines 
with the absorbed CAAEMMH is significant and provides 
evidence for the close relationships among these four
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species more than to the other £our species examined. The 
other four species each represents a different mammalian 
order: Sirenia, Artiodactyla, Carnivora, and Primates (Table 
46 column seven).
In another IMDFN experiment (Table 47) chicken an­
tiserum produced against the insoluble material remaining 
after homogenization of the woolly mammoth's muscle was used 
to examine muscle extracts from 10 mammalian species (3 
Elephantidae and 7 non-proboscidean). As can be observed, 
none of the sera samples produced precipitin lines, and of 
the muscle samples that produced precipitin lines, only ex­
tracts of Mammuthus, Elephas, and Loxodonta were involved. 
These results provide immunological evidence for a close 
kinship between Mammuthus and the living elephants.
Results presented in the last two tables (Table 46 and 
47) should be studied as one unit to better understand the 
intra- and inter-ordinal relationships indicated by the 
data. In summary, the proboscidean species (Mammuthus, 
Elephas, Loxodonta, and Mammut) share close antigenic 
similarities with each other more than with non-proboscidean 
species examined. Among the mammalian orders studied, the 
paenungulate orders (Proboscidea, Sirenia, and Hyracoidea) 
are more closely related to each other than to other 
eutherian orders examined. It is of particular interest 
that two of the proboscidean species examined (Mammuthus 
primiqenius and Mammut americanum) are extinct and that for 
the first time it is demonstrated immunologically that the
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American mastodon (Mammut americanum) is closely related to 
Elephantidae species, more than to other mammals tested (see 
also Shoshani et al., 1985b).
In an attempt to better understand the nature of the 
protein(s) which produced the precipitin lines, proteins 
were isolated from the proboscidean species, amino acid 
composition analyses were conducted, and radioimmunoassay 
(RIA) experiments were carried out. The isolation of 
proteins and amino acid compositions were performed with the 
collaboration of Daniel A. Walz, and the RIA experiments 
were conducted with collaboration of Jerold M. Lowenstein. 
Results are presented in the following sections.
A.2. Amino acid compositions and polyacrylamide gel 
analysis of muscle and bone samples (by Daniel 
A. Walz with the author's collaboration).
A typical elution profile from the amino acid analysis 
of the mastodon sample is shown in Fig. 61. In this 
analysis significant quantities of both hydroxylysine and 
hydroxyproline, amino acids typically recovered from struc­
tural proteins such as collagen (Eyre, 1980), were present. 
Since some of our samples were from tissues which should 
contain collagen as well as additional proteins, and since 
there is available a convenient procedure for isolating one 
such protein, namely albumin, by affinity chromatography 
(Travis and Pannell, 1973), we further subjected the woolly 
mammoth muscle extracts and the the mastodon bone extract to 
such a procedure. The protein fractions isolated from the 
affinity chromatography column were then analyzed for their
Figure 61. Elution profile of hydrolysate of an American mastodon (Mammut americanum) 
bone extract. Bach amino acid residue position was determined by a calibrated standard. 
Unusual to this analysis is the presence of significant quantities of hydroxylysine and
hydroxyproline, amino acids usually present in collagen. The solid line (___) represents
the signal detected at 570 nm; the broken line (----) represents the signal detected at
440 nm.
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amino acid contents, data of which are presented in Table 
48. The muscle and the bone extracts, while they may con­
tain some albumin-like protein, are rich in collagen-like 
materials. This is especially apparent when the data are 
summarized in Table 49 showing those amino acids found 
either in significantly elevated quantities in collagens or 
found to be present or absent in albumins. Glycine, 
hydroxylysine and hydroxyproline are each amino acids whose 
content represents a significant proportion of any total 
collagen compositional analysis. On the other hand, cys­
teine is either absent or only present in minute quantities 
in collagens (Eyre, 1980). The analysis of protein from the 
extinct species provided evidence for its being more 
collagen-like than albumin-like. The amino acid composi­
tions of the collagen and albumins from living elephant, a 
human and a rat were included to support our observations 
that the extracted protein material was not albumin (Tables 
48 and 49).
If we focus our attention on the amounts of
p
hydroxylysine, hydroxyproline, and glycine of the mammoths 
"Yuribey" and "Dima" in Table 48, we note that on the
average the amount of these amino acids is higher in the 
non-albumin fraction than in the albumin fraction. The 
amount of glycine in the "Yuribey" sample is significantly 
higher in the non-albumin than in the albumin fraction. 
These observations provide additional evidence for the 
presence of the high percentage of collagen-like protein in
Table 48. Amino acid composition of extracted material from proboscidean species; Homo and Rattus included for comparisons.1
AMINO ACID
Mammut 
bone'
Mammuthus Drimiaenius Loxodonta
E1ephas 
serum1
Homo 
alb.1
Rattus 
tendon10
Yuribey Dima
Khatanga
ME1
Tend.* Serm.'
N/Alb.’ Alb. * N/Alb. Alb.
Lysine 31 19 55 54 42 19 28 88 88 101 27
Hydroxy1ys i ne 11 9 11 13 8 9 8 0 O 0 7
H i st i dt ne 5 5 21 14 17 4 11 31 31 27 4
Arginine 40 15 15 34 31 34 51 52 42 41 50
Aspartic acid 58 68 59 88 62 51 52 88 89 91 45
Threon i ne 19 32 38 44 42 25 21 52 54 46 20
Ser ine 39 53 95 50 87 43 47 41 39 41 43
Glutamic acid 89 80 102 125 58 87 79 135 141 135 71
Pro)ine 121 100 74 56 90 103 113 54 49 41 122
Hydroxyproline 81 86 78 95 88 69 71 0 0 0 94
G1yci ne 316 310 152 121 168 363 313 34 35 20 331
A1ani ne 105 113 73 79 82 1 19 110 98 102 108 107
Cysteine 0 0 0 0 0 0 0 52 56 60 0
Valine 21 35 41 42 40 24 25 57 57 67 23
Methionine 8 21 49 29 16 6 5 15 8 10 8
I soleucine 13 10 43 40 68 10 12 27 23 14 10
Leucine 27 21 54 70 54 19 33 99 100 104 23
Tyrosine 4 11 20 21 20 2 6 40 41 29 3
Phenylalanine 12 12 20 25 27 13 15 42 43 53 12
Tryptophan (11) ND ND ND ND ND ND ND ND ND 2 ND
Footnotes to Table 48. (next page!
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Footnotes to Table 48.
1. Salt-free samples were hydrolyzed for 22 hr at 110'C in vacuo and analyzed for amino acid content. The values for 
each residue are expressed as residues per 1000 amino acids and are uncorrected for hydrolysis losses. A condensed 
version of this table appears In Table 49.
2. EDTA (ethylene diamine tetraacetic acid) bone extract of Mammut americanure.
3. N/Alb.= "Non-albumin" fraction which did not bind to the Blue Sepharose column.
4. Alb.= "Albumin" fraction which did bind to the Blue Sepharose.
5. Muscle extract column.
G. Tendon, after Goodman et al., 1980.
7. Serum fraction from high salt elution of Blue Sepharose.
8. Serum fraction from Blue Sepharose which eluted with 1,4 M NaCl,
9. Albumin for Homo sapiens after Brown et al., 1979.
10. Tendon, after Piez et al.. 1963.
11. ND= No determination was conducted for this residue.
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T a b l e  49. A  s u m m a r y  of a m i n o  a c i d  o c c u r r e n c e  in t h e  e x t r a c t s  of P r o b o s c i d e a .  L
AMINO ACID
Mammut
bone
Mammuthus primiqenius Loxodonta Elephas
Yur­
ibey
N/Alb.
Dima
N/Alb.
Khat-
anga
ME
tendon
(control)
serum
(control)
serum
(control)
Hydroxylysine 11 9 13 9 8 0 0
Proline 121 100 56 103 113 54 49
Hydroxyproline 81 86 95 69 71 0 0
Glycine 316 310 121 363 313 34 35
Cystein 0 0 0 0 0 52 56
1. See details in Table 48.
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the mammoth samples. Similarly, the mastodon sample "Elmer” 
contained sizable quantities, percentage-wise, of collagen­
like protein (see Table 49 for summary of these results). 
The accompanying results extend these observations by in­
cluding immunochemical probes to further define the nature 
of the extracted proteins.
Since there had been a previous report (Goodman et al., 
1980) that a collagen type-I product had been observed in 
the extraction of soft tissue from one woolly mammoth, 
"Dima", we next subjected the materials from one of our 
mammoth extractions to a polyacrylamide analysis. These 
results are presented in Fig. 62. An observation from such 
an analysis was the almost complete absence of clearly 
delineated protein bands, particularly when compared to the 
collagen standard. This was true not only for the extracted 
sample but also for the sample which was fractionated by the 
albumin affinity column. It should be further noted that 
polyacrylamide gel analysis is primarily designed for 
detecting intact proteins, whereas we have been investigat­
ing denatured proteins or fragments of them.
3 8 5
Y TRIMER 
P DIMER
A B C D E F
Figure 62. Polyacrylamide gel patterns from rat (Rattus 
rattus) collagen and mastodon (Mammut amsricanum) bone ex­
tracted material. A: Rat collagen, 25 micrbgram; B: EDTA
extract of mastodon bone, 100 microgram; C: Rat collagen, 
50 microgram; D: Acetic acid extraction of EDTA insoluble 
material from mastodon bone; E: Rat collagen, 100 microgram; 
F: Trichloroacetic acid extraction of the insoluble material 
from the acetic acid extraction of mastodon bone. Note the 
typical appearance of alpha, beta, and gama chains in the 
collagen standard. Note also the absence of clearly defined 
protein bands in the mastodon samples, despite the detection 
of large quantities of amino acid materials and the presence 
of immunologically reactive materials within these samples.
3 8 6
A.3. Radioimmunoassay results (in collaboration with 
Jerold M. Lowenstein)
Summaries of radioimmunoassay (RIA) experiments are 
presented in Tables 50 and 51. Portions of these results 
have been published elsewhere (Shoshani el at., 1985b).
Table 50 contains results obtained from RIA analyses 
using as test antigens mastodon bone extract, mammoth muscle 
extract, and sera of the extant mammals. As can be noted, 
both mastodon and mammoth antisera reacted strongly with 
elephant sera, less strongly with manatee serum, and least 
with bovine serum proteins, respectively. Furthermore, as 
would be expected, the antiserum to mastodon bone yielded 
its strongest reaction with mastodon bone and a reduced
reaction with mammoth muscle, the latter, however, being 
stronger than the reactions with manatee and cow sera.
Similarly, the antisera to mammoth muscle yielded its 
strongest reaction with mammoth muscle and a reduced reac­
tion with mastodon bone which was, nevertheless, stronger 
than the reactions with manatee and cow sera. The antisera 
to elephant albumins reacted much more strongly with mammoth 
muscle than did the antisera to manatee and cow albumins. 
Note, however, that the antisera to elephant albumins 
reacted better with manatee serum than with mammoth muscle;
this can be explained by the fact that serum of the living
manatee contains vastly higher quantities of albumin (about 
30 mg/ml) than mammoth muscle extract, the protein of the 
latter being mostly fragmented collagen (Goodman et al.,
T a b l e  50. S u m m a r y  of r a d i o i m m u n o a s s a y  (RIA) r e s u l t s :  a l b u m i n  r e a c ­
t i o n s  of m a s t o d o n  (M a m m u t ) a n d  m a m m o t h  (M a m m u t h u s ) t i s s u e s .  ,
ANTI SERA, To— >
EDTA bone 
extract of 
Mammut
Muscle 
extract of 
Mammuthus
Serum albumin of (controls):
ANTIGENS—  | 
V Elephas Loxodonta Trichechus Bos
Mammut bone 1.00, (0.65) 0.00 0.00 0.00 0.00
Mammuthus muscle. (0.36) 1.00 0.30 0.27 0.06 0.11
Elephas serum 0.80 1.07 1.00 1.01 0.42 0.27
Loxodonta serum 0.92 0.82 0.93 1.00 0.36 0.27
Trichechus serum 0.24 0.22 0.55 0.54 1.00 0.29
Bos serum 0.14 0.17 0.25 0.20 0.28 1.00
Footnotes to Table 50.
1. All antisera were produced by J. Shoshani; results obtained by J. M. Lowenstein.
2. Antiserum against Mammuthus muscle extract was produced in chicken, all other an­
tisera were produced in rabbits.
Footnotes continue on next page.
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F o o t n o t e s  t o  T a b l e  50 ( c o n t i n u e d )
3. Homologous reactions are taken to be 1.00 and the other reactions in each column are 
shown in proportion to this, as determined quantitatively by RIA. Mammut vs. Mam­
muthus and vice versa are displayed in parentheses because these reactions are mix­
tures of serum and tissue antigens. Otherwise, the first two columns indicate the 
strength of binding antisera against fossil proboscidean material with the sera of 
living species. Further details are given in the text.
4. Results in this Table and in Table 51 are of "Dima"; "Yuribey" gave equally good 
reactions (see Figs. 63A and 63B).
T a b l e  51. S u m m a r y  of r a d i o i m m u n o a s s a y  r e s u l t s :  c o l l a g e n  r e a c t i o n s
of m a s t o d o n  (M a m m u t ) a n d  m a m m o t h  (M a m m u t h u s ) t i s s u e s .  x
ANTISERA2 To-->
ANTIGENS--|
V
EDTA bone 
Extract of 
Mammut
Muscle extract of 
Mammuthus
Collagen of 
(controls):
Elephas BOS
Mammut bone 1.003 (0.65) 0.03 0.00
Mammuthus muscle. (0.36) 1.00 0.35 0.00
Elephas collaqen 0.56 0.47 1.00 0.03
Bos collagen 0.00 0.00 0.00 1.00
Footnotes to Table 51.
1. Except for antiserum to Bos. all other antisera were produced by J. Shoshani; results 
obtained by J. M. Lowenstein.
2-4. As in Table 50.
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1980). Furthermore, the trace quantities of albumin in this 
mammoth extract largely consisted of denatured molecules.
Focusing on the results obtained with tissues of the 
three mammoths (Yuribey, Dima, and Khatanga), we note that 
the youngest specimen (Yuribey) bound the most antibodies 
and the oldest specimen (Khatanga) bound the least an­
tibodies. These results are summarized in Fig. 63A and 63B. 
The albumin of Yuribey was also found to be less denatured 
than that of Dima, as determined by the strength of the 
reactions in the RIA experiments. Using the affinity 
chromatography resin of Travis and Pannell (1973) which is 
known to be selective for undenatured albumin, [i.e., known 
to separate albumin (Fractions A) and non-albumin proteins 
(Fraction B) from serum of living species], we obtained 
fractions A (putative albumin) and B (non-albumin) from 
Yuribey muscle extract and from Dima muscle extract and then 
estimated the albumin concentrations of these fractions with 
rabbit antisera against extant elephant albumin. Fraction A 
of Yuribey reacted about 2.5 times stronger than fraction B 
of Yuribey and about 13 times stronger than fraction A of 
Dima. On the other hand, fraction B of Dima reacted 3.5 
times stronger than fraction A of Dima. These results not 
only indicate that Yuribey's muscle had a larger concentra­
tion of albumin than Dima's muscle, but also that much more 
of Dima's albumin was in a denatured or degraded state al­
lowing it to pass into fraction B.
Additional RIA results, demonstrating that the mastodon
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Figure 63. Radioimmunoassay (RIA) reactions with rabbit antisera against: A. Purified
albumins of Aslan elephant (---), North American manatee ( )r and human (---). This
graphs therefore, shows specific albumin reactions in the tissues (whole extracts) of 
three woolly mammoths of different ages (10,000, 40,000, and 53,000 years before present). 
Though the reactions decrease with time, they retain species-specificity, as shown by 
weaker binding of anti-manatee and anti-human antisera. B. Purified collagens of Asian
elephant (--- ) and domestic cow ( ). This graph, therefore, shows specific collagen
reactions of the same three woolly mammoths as in A. Again, binding of anti-elephant col­
lagen remains stronger than binding of anti-bovine collagen (whole extract).
392
bone and mammoth muscle preparations used to immunize rab­
bits evoked antibodies which cross reacted with elephant 
collagen, are shown in Table 51. The antisera to mastodon 
and mammoth reacted strongly with elephant collagen but not 
visibly with bovine collagen. These antisera also reacted 
very weakly with human, dog and invertebrate collagens (not 
shown in the table). Antisera to elephant collagen react 
weakly, but detectably, with mastodon bone extract and con­
siderably more strongly with mammoth muscle extract. Fur­
thermore, results obtained with the three mammoth samples 
showed that, just as with the albumin data (Fig. 63A), the 
relationship of binding strength of collagen showed 
progressive loss of reactivity with increasing age of fos- 
silization (see Fig. 63B).
A.4. Immunoelectrophoresis results (by Kenneth Morrison 
with the author's collaboration)
Results obtained with immunoelectrophoresis are sum­
marized in Fig. 64 A' and B'. Unfortunately the only 
photographs taken of these experiments were poor but still 
show the precipitin lines which are drawn here from the 
photographs. These are the only results available with the 
clotted blood of the Magadan woolly mammoth (Mammuthus 
primiqenius), also known as "Dima" (see Appendix I for 
details). Results obtained with the living elephants 
(Loxodonta africana and Elephas maximus) showed no dif­
ferences between the the two species. When Fig. 64 A' is 
compared to Fig. 64 B', it is evident that the elephant
A’
Elaphan!
Strum
Agar g tl containing 
chicken antl-Elaphai 
maximua wholt itrum
Man
clot
moth 
ad blood
1
** . >3
B
Agar gtl w ith
anti itrum
Figure 64. Line drawings from photographs of cross immunoelectrophoresis performed on 
blood samples of Asian elephant (Elephas maximus) and woolly mammoth (Mammuthus 
primiqenius). Two separate experiments are shown here: A ,  A '  and B ,  B ' .  Fig. A '  depicts 
precxpxtxn lines formed after the elephant's antigens met with the antiserum (chicken 
anti-Elephas maximus whole serum). In B' we observe that the elephant and the mammoth 
samples share some antigenic similarities at Al.
Key: + = anode; - = cathode; E = precipitin lines associated with the elephant sample; M = 
precipitin line associated with the mammoth sample; Al = area of identity between the 
elephant and the mammoth samples [see Sections B.1.4 under METHODS and A.4 under RESULTS 
(in Volume II) for details]. [Artwork by R. P. M. Klaiber-Franco.]
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sample migrated about 6 times farther than the mammoth
sample. This could be due either to lack of those com­
ponents (that migrated farther) in the mammoth blood, or
that those components were denatured and lost their 
electrical charges and therefore were unable to migrate as 
far as the elephant sample did. It is important to realize 
that the precipitin lines of the elephant as identified in 
Fig. 64 B 1 were determined in a separate experiment with the 
elephant sample alone, and only then, in a subsequent ex­
periment, the mammoth sample was electrophoresed together 
with the elephant sample, giving the line pattern shown in 
Fig. 64 B 1 (see Section B.1.4. under METHODS for details).
Another significant finding involves the reaction of
identity (Al in Fig. 64 B'). This implies that certain
components [protein(s)?] in the blood of the mammoth and the 
elephant share some antigenic similarities. These results 
are in agreement with the results obtained with immunodif­
fusion and radioimmunoassay.
A.5. Summary, immunochemical results, Elephantidae
Results obtained with immunodiffusion (IMDFN) and 
radioimmunoassay (RIA) techniques are, on the whole, very 
similar, with those of RIA being more quantitative than 
results obtained with IMDFN. In both techniques the nature 
of the proteins in the muscle samples was identified as 
mostly albumin and collagen. The antigenic similarities 
among the four proboscidean taxa were confirmed with the
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close relationship of the mastodon (Mammut) to the Elephan- 
tidae being established for the first time. We were not 
able, however, to determine immunologically which of the 
three Elephantidae species share the closest relationships, 
and thus a trichotomy resulted. The inability to resolve 
the trichotomy is probably due to extensive denaturation of 
extracted protein(s) from the extinct species. Samples of 
non-proboscidean taxa, such as manatee (Trichechus), cow 
(Bos) and other species, were examined as outgroup com­
parisons.
B. RESULTS OBTAINED FROM OSTEOLOGY
B.l. Results obtained from non-dental osteological 
characters
A tabulation of the raw data on morphological charac­
ters collected in museums on 12 proboscideans and two out­
group taxa (Phenacodus and Arsinoitherium) is provided in 
Table 52. A summary of the osteological characters examined 
is given in Table 53 and detail descriptions of these 
characters are provided in Table 54. Figures 65 through 78 
depict selected osteological characters studied.
Table 52. Raw data on morphological characters as collected In museums on 12 probos­
cidean taxa; Phenacodus and Arsinoltherluin were employed as outgroups. (')
Taxon n
C H A R / C T R S 0 F
Skul 1
Stylo-
hyoideum Vertebrae Scapula
Humerus, Ulna 
and Radius Manus
Pelvis and 
hind legs Pes
CHARACTER 1 11111 111122 22222 222 33 33 33333344 44 4444445 55555555
NUMBER-- > 1234567890 12345 678901 23456 7B9 Ot 23 45678901 23 4567890 12345678
Phenacodus AAABAAAAAA AAAACA AAAAA AAA AA AA AA-A-AA- AA -AAAA-A AAB--A-A
Arsinolther ium AAAAAAAAAA AAAACA AAAAB BAA BA BA AAAA-AA- AB -CAAA-A ABAAABBA
Moer1ther ium 5 AAAABAAAAA AAAAAA -AAAA BA- AA -A AA -BA-- A BBAB--8-
Brez1na spec. (! ) 1 ABAAB-- A- A-- ------ — -B---- BBAAAA--
Barvtherium 2 ABA------- BB-- B-- -- AA ------ — ----- BBAA---
Deinotherium 2 ABAABAAAAA A-AA-A BA-A- BAA BA B- AAAAABAA BB -C-BBBA BBAA----
Palaeomastodon 6 ABAABAAAAA AAAA-A -A-A- BAA — -- AAA----- AB BBA-B-- BBABABA-
Eozvaodon (3) 1 ------ — ----- BBAB-- B
Mammut 10 ABAABAABAA AAA-A BAABAA BABAB BAA AA BA ABABABBA AB ABABBAB BBAAAAAB
Gomohotherium 7 ABAABAAAAA BAAAA ABAAAA BABBB BBB AA BB ABAABABB AB BBABBAA BAABABBB
Lox. af. af. (*) 31 BBAABAABAA BBAAB ABABAB BABBA BBB BB BA ABAAABBA BB ACABAAB BBBAAABB
Lox. af. cv. (') 4 BBAABAAAAA BBAAB ABAAAB BABBA BBB BB BA ABAAABBA BB ACABABB BBBABABB
E1ephas 40 BBBABBBABB BBBBA ABBABA AAABB BBB BB AB BABABAAA BB BCBBABA BBBBBBBB
Mammuthus 1 1 BBBABBBABB BBBBA ABAABA AAABB BBB BB AB BABABAAA BB BCBBABA BBBBBBBB
Total specimens(*) 120
Footnotes to Table 52 (next page)
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Footnotes to Table 52.
1. The choice of Ars1noitherIum as the closest outgroup and Phenacodus as the second outgroup for the Proboscldea 
was based on analysis of mammalian characters (see F1g. 32). Since the first six proboscidean taxa 
(Moerltherium through Eozygodon) lack extensive data, only the last six species were incorporated in the 
maximum parsimony analyses 1n what was considered to be a meaningful comparison. All taxa were employed In a 
preliminary analysis to establish outgroup(s) for the Elephantldae (results are presented In Figs. 79-80). 
Character numbers are the same as those described In Table 54. Complete species 11st appears In Appendix N.
2. The Brezina specimen was described by Mahboubl et al. (1984, and 1986); a calcaneum and an astragalus [not
necessarily of the same Individual described, d. d. daeger (pers. comm.)] were also examined. Note that In
the 1986 paper of Mahboubl et al. the name Numidotherium koholense was given to the Brezina specimen. 
Throughout this dissertation, the term "Brezina specimen" rather than N^ _ koholense was used because it was
incorporated In figures (e.g.. Figs. 78 and 79) and elsewhere 1n the text.
3. See Appendix N for details on this genus.
4. Lox. af. af. = Loxodonta afrlcana afrlcana.
5. Lox. af. cv. = Loxodonta africana cvclotis.
6. Except for the rare availability of complete skeletons of the first six proboscideans (Moerltherium through 
Eozygodon). this total Includes complete or nearly complete specimens; Individual bones and skulls are ex- 
c 1uded. (7)
7. The osteological data presented in this table were collected in various museums (see Appendix 0). In some 
cases, when data collected were Incomplete (due to missing bones or parts of bones, or due to unprepared 
paleontological specimens), I referred to the literature for additional Information. The following list of 
references is. In most cases, j_n addition to those mentioned above or In the text; some of these references 
pertain to soft anatomy of Elephantldae genera as discussed in Table 57: Blair (1710, 1718), Mayer (1845),
Falconer and Cautley (1846). Watson (1872), Gregory (1903), Imperial Academy of Sciences (1903-1914), Loomis 
(1914), Eales (1926), Andrews and Cooper (1928). Hill (1938, 1953). Frade (1955). Skeels (1962), Ansel 1 
(1971), Kingdon (1971). Olsen (1972), El-Khashab (1974, 1979, 19B2), Magi1o (1974), Moustafa (1974a-b), Madden 
(1977), Tassy and Plckford (1983), Mahboubi et al. (1984, 1986), Schmidt-Nielsen (1984), Shoshani et
al. (1985c), Tassy (1985), and Domnlng et al. (1986). The paper by Olsen (1972) who compared bones of Mammut 
americanum to those of Mammuthus primiqenlus. was particularly useful at the Initial stages of this study.
DeinotherIum specimens or parts of them were studied at two museums (BMNH DVP and MNHN DVP), supplemented by 
Information from the following sources: Andrews (1911), Dietrich (1916), Osborn (1936), Toblen (1962), Harris 
[1973 (on Prodelnotherium). 1976, 1978], Helzmann (1984), and Tassy (pers. comm.).
Note that five corrections were made In the raw data in this table as per the suggestion of P. Tassy (pers. 
comm.), after the computer analyses were conducted: these changes are not significant enough to affect the 
branch arrangements In Figs. 79-80. The corrections are: for Moer1ther1 urn character 2 from "B" to "A", and 
character 45 from to "B"; for Brezina specimen character 45 from to "B"; and for Eozygodon character
52 from "A" to "B", and character 58 from ” to "B“.
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T a b l e  53. S u m m a r y  of c h a r a c t e r s  e x ­
a m i n e d  for t h e  P r o b o s c i d e a .  x
BONE(S )/ 
ELEMENT(S)
NO. OF 
CHARACTERS
Skull 10
Stylohyoideum 5
Vertebrae 6
Scapula 5
Humerus, ulna 
and radius
7
Manus 8
Pelvis 2
Femur, patella, 
tibia and fibula
7
Pes 8
TOTAL 58 ( 2 )
Footnote to Table 53.
1. Raw data collected on these characters are given in 
Table 52, and detailed listing in Table 54.
2. This total is lower than the total in Shoshani et
al. (1985c) because of the deletion of: (a) all
measurement characters, (b) characters that are (or
possibly are) covered by other characters, and (c) taxa 
that lacked data for specific characters, thereby,
eliminating those characters.
Table 54. Non-dental osteological characters examined on proboscidean taxa to establish 
phylogenetic relationships. Phenacodus and Arsinoitherium are employed as outgroups^
CHARACTER / BONE(S)
1. SKULL j(cranium and mandible)
2. Diploe (development of air cells 
in cranial bones)
3. Large dorsal parietal bulges
4. Jugal participation in the 
mandibular fossa
5. Secondary external acoustic meatus (*)
6. Forehead (parietals, frontals, 
and nasals) in lateral view
7. Orbit: condition of the rim of the 
dorso-posterior and medial walls
8. Premaxillae bones as viewed anteriorly
9. Maxillae ridges, in ventral view, on 
each side of the midline, anterior 
to cheek teeth
CHARACTER DESCRIPTION
(a) elongate,
(b) compressed antereo-posteriorly (J)
(a) absent, (b) present
(a) absent, (b) present (4)
(a) present, (b) absent
(a) absent, (b) present
(a) straight or bulges anteriorly,
(b) dished (concave posteriorly)
(a) rounder with smooth corners, (b) corners 
are somewhat angular, especially the 
corner between the medial and dorsal walls
(a) smooth edges, (b) robust and rough edges 
(appear to be "unossified")
(a) if present, indistinct and apart 
from each other and from the midline,
(b) prominent and close to each 
other and to the midline (*) 399
T a b l e  54 ( c o n t i n u e d )
C H A R A C T E R  /  B O N E ( S ) C H A R A C T E R  D E S C R I P T I O N
10. Mandible: a process at the 
anterior border of the mandibular foramen
11. STYLOHYOIDEUM: posterior ramus
12. A "shelf" at the base of 
the inferior ramus {*)
13. Robustness versus delicateness of bone
14. Condition of the junction among 
the three rami (inferior, superior, 
and posterior) when viewed laterally
15. A process (a "tine", sometimes two) 
close to the tip of the inferior ramus
16. ATLAS vertebra: dorsal tubercle
17. Transverse process (t.p.) in relation 
to the vertical axis of the atlas vertebra
18. A notch (directed antereo-posteriorly) 
on the dorsal border
(a
(a
(a
(b
(a
(b
(a
(b
(a
(a
(b
(a
(b
absent, (b) present
absent, (b) present (’)
present and very distinct, 
small or absent
robust, thick and roundish in a cross 
section of the superior-posterior rami, 
relatively delicate bone, flat, 
and oblong in a cross section (*)
deep (resulting from a wide angle of 
deflection of the inferior ramus), 
shallow (resulting from a narrow angle 
of deflection of the inferior ramus (1#)
absent, (b) present
absent or small and not massive, 
present, thick and massive
axis of t.p. is about 60°, 
axis of t.p. is about 90°
(a) absent, (b) present
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T a b l e  54 ( c o n t i n u e d )
CHARACTER / BONE(S) CHARACTER DESCRIPTION
19. AXIS vertebra: neural spine (a)
(b)
broad and relatively short, 
narrow and relatively long (11)
20. THORACIC vertebrae: their number (a) 20-21, (b) 18-19, (c) less than 18
21. Shape of dorsal border of spinous 
processes along the thoraco-lumbar 
region, in a side view
(a)
(b)
convex or slightly 
arched to almost straight, 
concave or sway-backed (12)
22. SCAPULA: thickness of spine, 
viewed ventrally
(a)
(b)
thin and narrow, 
thick and broad (13)
23. Coracoid process (a) round, knobby, and does not extend 
ventrally, (b) long, pointy, and extends 
ventrally much beyond the limits of the 
glenoid fossa
24. Coracoid border (a)
(b)
continuous in an almost straight line
towards the coracoid process,
has an embayment in the neck region
25. Acromion process (a) short, (b) long and directed 
ventrally and/or anteriorly
26. Center of gravity of the entire bone (a) in between the infraspinous and 
supraspinous fossae, (b) towards the 
infraspinous fossa (14)
27. HUMERUS: entepicondylar foramen (a) present, (b) absent
T a b l e  54 ( c o n t i n u e d )
CHARACTER / BONE(S) CHARACTER DESCRIPTION
28. Intertubercular groove (,s) (a)
(b)
flat or shallow,
deep, almost semicircular {**)
29. Greater trochanter 
(viewed anteriorly)
(a)
(b)
same level of humeral head, 
rises above head
30. ULNA: condition of the 
olecranon process (o.p.)
(a)
(b)
main vertical axis of o.p.
is in line with middle of bone,
o.p. tilts towards the medial side (17)
31. Olecranon process (o.p.) in relation 
to the proximal curved tip of the 
trochlear notch, viewed laterally
(a)
(b)
o.p. does not extend beyond (dorsal 
or proximal to) the trochlear notch, 
extends proximally 
beyond the trochlear notch
32. RADIUS: arching of bone (a)
(b)
straight or slightly arched, 
extremely arched (ll)
33. Lunar facet (on the distal 
and ventral end)
(a) flat or shallow, (b) deep concavity 
is present on the postero-medial side
34. SCAPHOID: lateral bulging of 
magnum articulating surface
(a) present, (b) absent
35. LUNAR: size of ulnar surface
(in dorsal view) in relation to combined
surfaces of ulnar and radial
(a)
(b)
small or not seen in dorsal view, 
large.
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T a b l e  54 ( c o n t i n u e d )
CHARACTER / BONE(S) CHARACTER DESCRIPTION
36. Condition of the ulnar and radial 
junction in anterior view
(a)
(b)
round and smooth meeting point, 
sharp and angular junction
37. TRAPEZOID: (a)
(b)
slightly or not twisted, 
sharply twisted
38. Magnum (lateral anterior) 
articulating surface
(a)
(b)
continuous,
interrupted and step-like (**)
39. MAGNUM: trapezoid knob (a) small, non-prominent, (b) prominent
40. Size of 2nd metacarpal facet 
(distal view) in relation to combined 
areas of 2nd and 3rd metacarpal facets
(a)
(b)
small or none
(as observed in distal view), 
large
41. Shape of unciform (lateral) 
articulating surface
(a) 
the
(b)
almost rectangular with embayment on 
ventral side,
almost rectangular, no embayment (*•)
42. PELVIS: condition of the 
"obturator notch" within the proximal 
end of the obturator foramen
(a)
(b)
absent or slightly delineated.
Well delineated, distinct notch (21)
43. Size of acetabular fossa (a.f.) 
to obturator foramen (o.f.)
(a)
(b)
a.f. is much smaller than o.f., 
a.f. is small or equal to o.f.
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T a b l e  54 ( c o n t i n u e d )
C H A R A C T E R  /  B O N E ( S ) C H A R A C T E R  D E S C R I P T I O N
44. FEMUR: position of head when bone 
is lying on its posterior side on a 
flat, leveled surface, such that both 
condyles touch the surface and head 
is raised up
45. Condition of the third trochanter, 
viewed anteriorly
46. Presence or absence of a diagonal 
ridge (or a "swelled" area) proximal 
to the condyles in a caudo-distal view
47. PATELLA: overall shape of bone
48. TIBIA: proximal medial and lateral 
femoral facets in anterior view
49. A distinct groove at the 
medial-posterior-distal end of bone
50. FIBULA: overall shape of bone
(a) head stays raised above surface,
(b) head falls or tilts towards surface, 
causing the lateral
condyle to raise up (22)
(a) medium to large size,
(b) small, with moderate ridge,
(c) slight or no ridge,
only a "hump" present (23)
(a) absent, (b) present
(a) flat and oblong dorso-ventrally,
(b) rounded approximating a "softball" shape, 
but may be oblong dorso-ventrally (24)
(a) are at about the same level in relation 
to the dorso-ventral axis of bone,
(b) are in a step-like position,
the lateral facet being the lower
(a) present, (b) absent
(a) straight and not twisted,
(b) arched and twisted 404
T a b l e  54 ( c o n t i n u e d )
CHARACTER /  B O N E (S ) CHARACTER D E S C R IP T IO N
51. ASTRAGALUS: cuboid contact
52. Shape of head (navicular facet)
53. Presence or absence of a knob, 
tuberculum mediale on the posterior 
(proximal and medial) end
54. Condition of the ectal facet (e.f.) 
when the astragalus lies on a leveled 
surface (l.s.) and is viewed laterally
55. CALCANEUM: when a line is drawn
in continuation with the junction of the 
sustenacular and navicular facets 
towards the lateral side, 
this imaginary line, either:
56. A groove on the lateral side, 
posterior and dorsal to the cuboid facet
57. Presence or absence of a 
sustentacular notch (2’)
58. CUBOID: overall shape of bone
(a) present, (b) absent
(a) globular or almost semi-circular and
directed ventrally, (b) in a shape of an arc
(a) present and making the bone appears 
to have a step-like at this end,
(b) absent or very small (1S)
(a) e.f. rests above the l.s.,
(b) e.f. rests touching or almost 
touching the l.s. (2‘)
(a) passes proximal and posterior 
to the cuboid facet, or
(b) intersects the cuboid facet 
(close to the lateral side (21)
(a) absent, (b) present (2‘)
(a) present, (b) absent
(a) cube-like,
(b) flat, roughly triangular
Footnotes to Table 54 (see next page)
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F o o t n o t e s  t o  T a b l e  54.
1. This study is based on the examination of 58 non-dental osteological characters of 14 
taxa. Characters that include measurements were eliminated from the present analysis 
because of the complexities and additional analyses required. As many individual 
skeletons (and partial skeletons) as possible were examined for each taxon, a total 
of 120 individual specimens were examined (excluding individual bones), most of which 
are of the living species, Loxodonta africana and Elephas maximus. Among the extant 
specimens examined are those of "Ahmed", "Gunda", "Iki", "Mini", "Jumbo", "Sultana", 
and "Ziggy" (see Appendix 0 for listing of museums and field locales where bones were 
examined).
Note: condition (a) is usually the primitive and (b), (c), (d)... are derived condi­
tions for Eutheria or for Mammalia (and subsequently for Proboscidea). The sequences 
in which the letters are written does not necessarily imply polarity of a character 
or a morphocline. Listing of characters follows a general pattern from anterior to 
posterior of skull (cranium followed by mandible). When coding the characters to run 
the computer programs, letters (a) through (d) were transformed to N, Y, D, and H 
according to the specific transformation series (if any) for each character (see 
details under METHODS, Section B.2.5. "Coding the characters").
2. Words in capital letters and bold faced represent names of new headings for bones or 
bone complexes.
3. The antereo-posterior compression of the skull (or brachiocephally) has resulted in 
many changes in the cranium and the mandible. Most of these characters were
eliminated from the present analysis except for those characters that are not or may
not be associated with the brachiocephally. A close examination of this character in 
all taxa studied reveals a gradual brachiocephally in the "traditional main line" 
leading from early to more advanced proboscideans. To avoid subjectivity (in terms 
of which stage "gave rise" to which stage or taxon), only those taxa with most dis­
tinct brachiocephally were given that code, condition (b).
4. These bulges result from extreme development of the air-cells or bone pneumatization,
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specifically in the dorsal and posterior ends of the parietal bones.
5. After Osborn, 1942:916 (see Figs. 68-69).
6. As a result of the prominent ridges and their close proximity, two deep fossae (one 
on each side) are formed and the investigator may place a thumb and an index finger
at each side as a test for the depth of these fossae. A close examination of this
character in all the proboscidean taxa and other taxa studied reveals a gradual 
change from no ridges, to indistinct ridges far apart, to prominent ridges close 
together and associated deep fossae. To avoid subjectivity only two groups were
defined; no "ordering" (to imply evolutionary change) was applied.
7. Based on the shape of stylohyoidea of other mammals (Gasc, 1967), the absence of the 
posterior ramus is believed to be a primitive condition for the proboscidean genera 
studied, and the presence of the posterior ramus is a derived condition. A similar 
statement was also made by Garrod (1875).
8. This "shelf" is formed by the presence of a ridge of bone which is the continuation 
of the thin portion of the inferior ramus from the tip to the base of the bone. This 
character is most distinct in Gomphotherium, Mammut appears to possess this shelf 
(the lack of a posterior ramus makes it difficult to ascertain), in Loxodonta 
africana africana the ridge is present but the shelf is not well delineated, and in 
L. a^ cyclotis this shelf is even less delineated but a small ridge (which is absent 
In Elephas and Mammuthus) is present.
9. The ends of the superior and posterior rami are usually the thickest of the entire 
bone. Overall, bones of Loxodonta africana are thicker than those of Elephas maxi­
mus, however, some bones of Elephas have thick ends, while the rest of the bones are 
delicate.
10. The measuring of the angle of deflection is done by holding two stylohyoidea of one 
individual elephant in such a way that their medial sides touch each other, specially 
along the axis of their superior and posterior rami (see Figs. 85 and 86) and the 
ventral and long inferior rami curve laterally. The angle of deflection of the in­
ferior ramus (on one side) from the superior-posterior ramus can then be measured 
(with a protractor, as the observer stands directly above the bones) from the mid-
407
imaginary line. When there is only one stylohyoideum bone present, this angle can be 
measured by holding the superior-posterior axis straight on a line drawn on a paper 
and dropping a plumb-line from the tip of the inferior ramus and subsequently 
measuring the deflecting angle of the inferior ramus from the superior-posterior 
axis. This method can also be used when the two bones are present.
11. Those taxa with broad and short neural spine of the axis vertebra, usually also have
an antereo-posterior groove on the dorsal border.
12. Among proboscidean and outgroup species examined, only Loxodonta exhibits condition
(b). Osborn (1942:1229) provided illustrations of vertebral columns of five
Elephantidae species including the living elephants, clearly showing this character 
(see Fig. 72). Sikes (1971:15) noted that the outline of the back of Loxodonta 
africana cyclotis appears straighter and less 'sway-backed* than that of L_^  a. 
aTrlcaina, because the former holds its head in a slightly forward-bent position.
13. In Mammut, Gomphotherium and some Loxodonta specimens, there are distinct spinar 
supporting ridges (one on each side); these ridges are not so well defined in Elephas 
and Mammuthus.
14. This is best tested by placing the scapula on a leveled surface and observing
whether the bone leans towards the infraspinous fossa or balances between the two 
fossae. Whenever possible, both scapulae of each specimens were examined and when 
available those of fetuses, young, adults, females, and males were studied. Of the 
over 50 scapulae examined, with a few exception, only those of Loxodonta africana 
balance between the two fossae, the exceptions being those of abnormal bones. Of the 
scapulae of Elephas over 75% leaned toward the supraspinous fossa (see Fig. 73).
15. Located at the proximal and anterior ends of the humerus between the lateral greater 
tuberculum and medial lesser tuberculum and when the mammal is alive this inter- 
tubercular groove houses the long tendon of the biceps muscle. The intertubercular 
groove was named for bones of a cat, Felis catus, by Walker (1980). For human. Homo 
sapiens, this groove is called bicipital groove (Gray, 1901).
16. A deep intertubercular groove (condition (b)) is formed by the enfolding of the 
anterior and posterior bicipital ridges, particularly the former (names of ridges
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after Gray, 1901). In addition, those taxa that have a deep intertubercular groove,
also have a flat anterior deltoid tuberosity.
17. When comparing the ulnae of Mammut, Loxodonta, Elephas and Mammuthus simultaneously, 
one notices a gradual increase in the medial tilting of the olecranon process from 
Mammut to Mammuthus. This tempts the observer to give a letter coding system that 
would reflect this gradual change and thus imply that one condition "gave rise" to 
another condition and so forth (e.g., A --> B — > C — > D). However, there is no way 
of verifying that indeed such ancestor-descendant relationships took place. This 
situation of apparent gradual change has been observed many times (see for example 
characters 1 and 9 and notes 3 and 6, respectively) throughout this study. To avoid 
subjective and perhaps erroneous results, categories (for the purpose of coding) were 
chosen to exhibit as little ambiguous delineation as possible. In the present ex­
ample, conditions are: no tilting versus tilting (regardless of how much tilting is 
involved).
18. Associated with extreme arching is, usually, roughness of the bone in the area which 
is in contact with the ulna.
19. See Figures 75 and 76.
20. Dr. Pascal Tassy (Paris, France) showed me this character.
21. Andrews (1906:146) pointed out the differences between Loxodonta on one hand (ab­
sence of this notch, similar to that of Palaeomastodon) and Elephas and Mammuthus on 
the other hand ("...marked off into a sort of notch by a projection point of bone."). 
In this study, examination of proboscidean pelves showed that, among the Elephan- 
tidae, there is a gradual increase in better delineation of the notch from Loxodonta 
to Elephas to Mammuthus. To avoid introducing a bias, no ordering of this and other 
characters was applied (see also notes 16, 3, and 6).
22. All femora of Elephas and Mammuthus exhibited condition (b), while the majority of 
femora of Loxodonta exhibited condition (a) and the rest displayed condition (b) [see 
Fig. 74],
23. A third trochanter is very prominent in Perissodactyla, for example, the "small"
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trochanter observed in early proboscideans is very small to almost non-existent when 
compared to that of Equus or Tapirus.
24. Patella of Arsinoitherium is much flatter compared to those of proboscidean taxa.
25. When this knob is present [(condition (a)] it is usually associated with the exten­
sion of the tibial articulating surface onto the knob and on the medial side of the 
astragalus (see Fig. 77).
26. Character states (a) and (b) are based on observation of about 50 astragali and on
measurements of the angle between the ectal facet and the leveled surface of 38
astragali, most of which are of Loxodonta and Elephas (see Fig. 77).
27. Character states (a) and (b) [see Fig. 78] are based on observation of about 50
calcanea and on measurements (of the distance between the imaginary line intersecting 
the cuboid facet and the lateral end of the cuboid facet) of 25 calcanea. Another 
way for testing this character is to place the calcaneum with its cuboid facet on a 
leveled surface and to observe whether or not it remains standing on the cuboid facet
and the adjacent processes and knobs, or if it falls and balances on other parts of
the bone. Condition (a) of this character is almost always associated with the bone
remaining standing on the cuboid facet, and condition (b) is associated with the bone
falling.
It is of interest that among the Elephantidae all the specimens of L^ _ a. africana 
exhibited condition (a), while specimens of E^ maximus and a_^  cyclotTs exhibited 
condition (b).
28. The delineation of this supra-cuboidal lateral groove is not clear cut, and charac­
ter states (a) and (b) are based on the condition prevalent in the majority of the 
specimens examined.
29. The notch is formed (among proboscideans examined, only Mammut and Palaeomastodon 
have it) when the sustentacular facet is present entirely on an "overhang" and is 
separated from the ectal facet by a distinct notch.
T a b l e  55. S y n a p o m o r p h i c  c h a r a c t e r s  s u p p o r t i n g  t h e  r e l a t i o n s h i p s  s h o w n  in F i g .  80. ( l )
BRANCH ON 
CLADOGRAM
BRANCH ON 
CLADOGRAM
BRANCH ON 
CLADOGRAM
BRANCH ON 
CLADOGRAM
Branch D Branch F Branch G Branch H
13, A 1, B 3, B 15, B
Branch E 12, B 6, B 21, B
11, B 30, B 7, B 26, A
17, B 31, B 9, B 33, A •
25, B 42, B 10, B 38, A •
28, B 45, C 13, B 39, B •
29, B 48, A 14, B 44, A
33, B 49, B 55, B 49, A •
38, B 53, B 50, B
39, A 54, A
56, B 56, A •
1. For branches A-C evidence is based mostly on dental features. The numbers and let­
ters refer to the characters and character states in Tables 52 and 54.
• = Reversal.
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Figure 65. Selected representatives of proboscidean skulls 
showing changes in shapes during the evolution of Probos­
cides . A » Moeritherium qracile, B ■ Phiomia wintoni, C = 
Gomphotherium anqustldens. D ■ Platvbelodon grangeri, E = 
Tetralophodon qrandincisivus. F » Rhynehotherium tlascalae, 
G = Deinotherium qiqanteum. H ■ Mammuthus primiqenius, i - 
Loxodonta africana, J ■ Elephas maximus. showing marked 
brachycephaly compared with Lj_ africana (after Spinage, 
1972:153; A-C and G-H after Romer, 1966; D-F and I-J after 
Osborn, 1936 and 1942). [Note: not all scientific names
given here are used today, see for example Tables 45 and 52, 
Simpson (1945), and McKenna (unpublished classification, 
pers. comm.]
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Figure 66. Maglio’s (1973:105) generalized, diagrammatic 
representation of changes in the elephant skull. Note that 
as the center of gravity (ctg) of the skull is shifted 
posteriorly, the insertion of the nuchal muscles (nm) on the 
occipital region of the skull (oc) is elevated above the 
level of the occipital condyles.
Figure 67. Principles of leverage exhibited in probos-: 
cidean evolution: Top the third order of lever of Gom­
photherium anqustidens. and Bottom the first order of lever 
of Mammuthus primiqenius. The latter also depicts how 
shortening of tne weight arm is effected by the upwardly 
curving tusks (after Spinage, 1972:154).
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Figure 68. Ventral (left) and dorsal (right) views of 
cranium of a juvenile Asian elephant, Elephas maximus. show­
ing bones, foramina, and other features examined during this 
study [about 1/5 natural size; after Gregory, 1903:390-391, 
and Osborn, 1942:916; with minor changes; cf. Fig. 14].
Key: A na.=Anterior nares; a.p.f.“Anterior palatine foramina 
(canals); Bo.“Basioccipital; Bs.=Basisphenoid; c.f.=Notch, a 
vestige of condylar foramen (?) (confluent with f.l.p.);
e.a.m.-(secondary) external auditory meatus; eu.“Eustachian 
opening of tympanic; Ex.o.=Exoccipital; f,l.m.=Foramen 
lacerum medium; f.1.p.“Foramen lacerum posterius;
f .ov.=Foramen ovale (confluent with f.l.m.); Fr.“Frontal; 
f.st.m.“Stylomastoid foramen; i.2.=Tusk; i.c.c.“Canal for 
internal carotid artery; i.o.f.“Infraorbital foramen; 
L.“Lachrymal; Ma.“Malar (=Jugal); Mx.“Maxilla;
Mx.p.“Maxillary pouch for molars; Na.“Nasal; Na.ss.“Narial 
sinus; o.c.“Occipital condyle; p3 (dm2).“Third premolar (or 
second deciduous molar of authors); p4 (dm3).“Fourth 
premolar (or third deciduous molar of authors); Pa.* Parie­
tal; pal.Mx.“Palatine ledge of maxilla; p.a.s.* Alisphenoid 
canal; p.As.“Pterygoid wing of alisphenoid; pg.“Postglenoid 
ledge of squamosal; Pi.“Palatine; P.mx.“Premaxilla; P na. 
and p.n.“Posterior nares; Po.f.“Postorbital ridge of fron­
tal; Ps.“Presphenoid; Pt.“Pterygoid; p.ty.“Post-tympanic 
ledge of squamosal, which with pg. forms a secondary exter­
nal auditory meatus (=e.a.m.); So.=Supraoccipital; 
Sq.“Squamosal; tp.h.=Tympanohyal; Ty.“Tympanic bulla;
ty.p.“Anterior process of tympanic; Vo.“Vomer.
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Figure 69. Lateral view of skull of an Asian elephant, 
Elephas maximus. showing bones, foramina, and other features 
examinedduring this study (after Osborn, 1942:917); Key as 
in Fig. 68 [cf. Fig. 15].
Figure 70. Lateral view of the skeleton of the Berezovka mammoth, Mammuthus primiqenius 
(after Zalenskii, 1903:Tabula XXIV). Compare to Figs. 13 and 65 for names of bones and 
modifications from basic skeletal features. [Skeleton is at the Zoology Museum of the 
Academy of Sciences, Leningrad, USSR.]
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LOXODONTA AFRICANA
ELEPHAS 1NDICUS
MAMMONTEUS PRIMIGEN1US
PARELEPHAS JEFFERSONII
Figure 72. Portions of vertebral columns of five Elephan- 
tidae species (after Osborn, 1942:1229). From top to bottom 
the following are synonyms after Maglio, 1973: Elephas anti­
ques. Loxodonta africana, Elephas maximus, Mammuthus 
primiqenius. and Mammuthus columbi. THe concave and convex 
outline oF the thoraco-lumbar regions of africana and E. 
maximus, respectively are highlighted as they are discussed 
in the text.
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Figure 73. Left scapulae of four proboscidean genera ex­
hibiting a gradual shift of the infraspinous fossa (I)
towards the medial side of an upright mounted skeleton.
This feature can better be seen in the top figure from left 
to right. Bottom, note that only the scapula of Loxodonta
africana balances between the "I" and supraspinous fossa
(S), in the other three scapulae (and in Gomphotherium, not 
shown) the "I" touches the ground (levelled surface). 
Photographs (also of next two figures) by R. W. McDowell at 
the AMNH.
Figure 74. Left femora of four proboscidean genera ex­
hibiting a gradual shift of lateral condyle (L) towards the 
posterior end of an upright mounted skeleton. This feature 
can better be seen in the top figure left to right. Bottom, 
note that the heads of the femora of Mammut and Loxodonta 
are raised above the ground (levelled surface) while those 
of Elephas and Mammuthus touch the ground.
Figure 75. Left manus (left) and pes (right) of Elephas maximus (AMNH 30243) depicting 
pentadactylus (even though externally the number of "toes" varies between 3-5) and serial 
carpus and tarsus. Compare to Figs. 13 and 70 for names of bones and locations on 
skeleton.
421
Figure 76. Medial views of magni of five proboscideans 
depicting continuous (c) versus interrupted (i) and step­
like trapezoid articulating surfaces (see arrows). A = 
Loxodonta [exhibiting (c)], B ■ Elephas (i), C ■ Mammuthus 
(i). D ■ Mammut (c)r and X ■ Gomphotherium (i). Bones A, B, 
and C are from the left side, whereas bones D and E are from 
the right side. [See character 38 in Tables 52 and 54 
(photograph by J. Shoshani at the AMNH)].
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Figure 77. Astragali of Proboscidea. Top, dorsal aspect, 
distal end toward top of page (L*left, R=right). Bottom, 
dorsal aspect, distal end toward right of page (all bones 
are from the right side). Note that all astragali have 
short necks and semi-circular navicular (distal) facets. 
Also note that only the Brezina specimen has a distinct knob 
at the lower right corner of the bone. At bottom the bones 
are positioned such that the ectal facets are towards the 
bottom for the examination of the degree that this facet 
makes with a levelled surface; in Elephas and Mammuthus the 
angle is usually smaller than in Loxodonta and Mammut. [Top 
photograph by J. Shoshani at the MNHN DVP and MNHN CA, bot­
tom by R. W. McDowell at the AMNH.]
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Figure 78. Plantar views of right calcanea (except Loxodonta and Gomphotherium in A) of 
six proboscideans depicting character No. 55 in Tables 52 and 54. A line in continuation 
with the junction of the sustentacular (s) and navicular (n) facets towards the lateral 
side, will either: (1) pass proximal and posterior to the cuboid (c) facet [between the
cuboid (c) and the combined ectal (e) and fibular (f) facets], or (2) intersect the cuboid
facet (arrows in D). Credits: A by J. Shoshani at the MNHN DVP and MNHN CA, B and C by
R. W. McDowell at the AMNH, artwork (D) and layout by J. S. Grimes.
424
2 Pleistocene - Recent 
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ELEPHANTIDAE
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Figure 79. A consensus cladogram on the relationships among 12 (L^ a_^  africana and a .
cyclotis are grouped) proboscidean taxa based on 58 non-dental osteological characters.
The polyphyly at the root of Proboscides is due to limited data for most of the seven
proboscidean taxa sharing this node (see Fig. 80, Table 52, and text for details).
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AFigure BO. A cladogram on the relationships among nine proboscidean taxa based on 58 
non-dental osteological characters. The dashed lines imply that based on the available 
materials and species examined, Deinotherium and Palaeomastodon can exchange places (the 
placement of Palaeomastodon closer to the rest of the Proboscidea than Deinotherium is 
based mostly on dental evidence (see Domning et al., 1986 and text for details).
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The listing of the proboscidean taxa in Table 52 shows 
that the first six (Barytherium through Eozyqodon) lack ex­
tensive data. For this reason, I divided the species into 
two groups and ran the Maximum Parsimony programs [after 
Goodman et al. (19B2) and Swofford (1984)] once on all the 
14 taxa with Phenacodus and Arsinoitherium serving as out­
groups to the Proboscidea, and once only with the last six 
taxa with Mammut and Gomphotherium serving as outgroups to 
the Elephantidae. A digest of the results is presented in
Figs. 79 and 80. The letters at the nodes on Fig. 80 refer
to corresponding synapomorphies which are given in Table 55. 
A close look at the characters at Table 52 reveals that
three of them (23, 27, and 41) are autapomorphies for the 
proboscidean members studied. These characters, even though 
they do not contribute to the clustering in the cladograms 
(Fig. 80), were left in the table because, based on the 
available material (lack of data), these features could not 
have been determined in some taxa; this situation may change 
in the future.
The polychotomy shown at the base of the Proboscidea 
(Fig. 79) was expected as most of the species sharing this 
polychotomous branch lack much data. Nevertheless, their 
presence in the analysis (in addition to the evidence
presented based on 182 characters for 100 mammalian species) 
helped to establish the position of Gomphotherium and Mammut 
as outgroups to the Elephantidae. A second analysis on 
these data was conducted after deleting those taxa (Brezina
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specimen, Barytherium, and Eozyqodon) with extensive lack of 
data, results of which are presented in Fig. 80 (more under 
DISCUSSION).
It is of interest that the highest number (9, without 
reversals) of synapomorphies on this cladogram (Fig. 80) is 
shared by members of Gomphotheriidae and Elephantidae, and 
the highest number (9) of autapomorphies is held by Mammut. 
Within the Elephantidae, Loxodonta af. af. has the highest 
number (4) of autapomorphies followed by Elephas (1) and 
Loxodonta af. cy. (0) and Mammuthus (0). The divergent 
nature of Lox. af. af. was somehow expected (based on 
results obtained by Shoshani et al., 1985c) but it was 
surprising to find out that certain features (e.g., in the 
pes) of Lox. af. cy., upon superficial examination, resemble 
those of Elephas rather than Lox. af. af.. Upon close ex­
amination, however, it became evident that Lox. af. cy. is 
definitely closer to Lox. af. af. than to Elephas (by 11 
synapomorphies, see Fig. 80, and Table 55).
Comparing the number of synapomorphies (excluding 
reversals) along the lineage of Elephas-Mammuthus on one 
hand to that of Loxodonta on the other, it is noted that the 
former evolved 1.4 times faster. Previous calculations 
(Shoshani et al., 1985c) for corresponding rates, but con­
sidering each individual specimen as a species, gave a value 
of 1.6 times.
B.2. Results obtained from stylohyoideum characters
This is a specific example of a small data set that can
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be used independently to provide evidence for the Elephan­
tidae relationships depicted in Fig. 80. A listing of the 
stylohyoideum characters examined on proboscidean taxa, is 
given in Table 54 (characters 11-15); the raw data as col­
lected in museums are presented in Table 52; a listing of 
all specimens examined is provided in Appendix P.
Figure 81 (after Inuzuka et al., 1975) shows the 
relationship of the stylohyoidean bones to the rest of the 
hyoid apparatus and the position of these bones on the 
crania of elephant and human. Figures 82 and 85 are com­
posite drawings, incorporating outlines of the stylohyoidea 
of five proboscidean genera (see also Figs. 83 and 84 ). In 
Fig. 82 these bones are depicted as they would appear on the 
crania of these taxa, while in Fig. 85 the bones , one from 
each side, are held together along the medial border to show 
the differences in the deflection of the inferior rami 
toward the lateral sides (see character number 14 in Table 
54). A comparison of stylohyoidea of a fetus and a 3-day 
old Loxodonta africana and Elephas maximus is presented in 
Fig. 86.
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Figure 81. Relationships of the stylohyoidea bones to the 
rest of the hyoid apparatus and the positions of these bones 
on the crania of elephant and human (after Inuzuka et al., 
1975:51).
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Figure 82. Drawings o£ stylohyoidea bones of proboscidean 
genera (A = Mammut. B * Gomphotherium, C <= Loxodonta, D = 
Elephas. E * Mammuthus) as they would appear on the crania 
of these taxa [see Fig. 83 for actual specimens; drawings 
for this figure and Fig. 85 by M. Piccarelli].
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Figure 83. Stylohyoidea bones of proboscidean genera (A-D 
as in Fig. 82, X * Mammuthus primiqenius): drawing in 
Fig. 82E is from the specimen shown in Fig. JM. [Photographs 
for this and Figs. 87-90 are by R. Bielaczyc.]
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Figure 84. Stylohyoideum bone of Mammuthus columbi (NMNH 
J9935, see Appendix P), scale is 1:1, photograph from an X- 
ray film, courtesy of D. Stanford and G. Haynes, [cf. Fig. 
82E. ]
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Figure 85. Drawings of stylohyoidea bones of proboscideans 
in anterior view (A - E as in Fig. B2). The dashed lines im­
ply that those bones were not available at the time of draw­
ing. (See note to next figure, Fig. 86.)
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Figure 86. Stylohyoidea of a fetus Loxodonta africana 
(left) and a 3-day old Elephas maximus (right) viewed 
postero-dorsally to show differences in the angle of deflec­
tion of the inferior rami (character 14 in Table 54).
[Photograph by J. Shoshani at the BMNH.]
NOTE: This is not the natural position of these bones (see
Fig. 81. for their natural position); the bones are held
with a clear tape along the medial borders of the superior-
posterior rami to illustrate the differences between the 
angles of deflection of the inferior rami (see also
Fig. 85). [Photograph by J. Shoshani at the BMNH.]
Figure 87. Sytlohyoidea bones of Elephas maximus showing variations among individuals. 
A and B belong to the same individual, similarly E and F, C is an odd bone from the AMNH, 
D belongs to "Iki" (see Appendix P for additional details).
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Figure 88. Stylohyoidea bones of Loxodonta africana showing variations among in­
dividuals. A-C are from L. a. af ricana; D-F are from 1^ a_;_ cyclotis. Except for D and E 
which belong to the same individual, the rest are odd bones (see Appendix P for additional 
details).
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Figure 89. Stylohyoidea bones of A = Gomphotherium sp.r B = Loxodonta africana, C = Gom­
phother ium sp. , D = Serridentinus productus. Stylohyoidea of A, C-D were not described in 
the literature consulted (see Appendix P for additional details).
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Figure 90. Stylohyoideum bone of Loxodonta a. africana depicting a "tine"; see character 
15 in Table 54 (see Appendix P for additional details).
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Table 56. Major differences between the stylohyoidea of 
Loxodonta africana and Elephas maximus. Compare 
figures in this Table to Figs. 82 through 86.
General features Loxodonta africana Elephas maximus
(1) Overall shape 
of bones, includ­
ing ends of 
superior and poste­
rior rami 
[Character No. 13 
in Table 54 
and Node C 
in Fig. 91].
(2) Deflection of 
the inferior 
rami laterally 
[Character No. 14, 
in Table 54 
and Node C 
in Fig. 91]
(3) Presence or 
absence of a 
"tine" close to 
the tip of the 
inferior ramus 
[Character No. 15 
in Table 54 
and Fig. 90]
(4) Axis of 
Superior-Posterior 
rami is curved 
when viewed 
laterally [Not 
included in the 
final analysis 
because of incon­
sistency, see Fig. 
62 and text]
Robust bone, 
roundish in 
cross section
Delicate bone,
flat/oval
in cross section
Wider angle 
of deflection
Narrower angle 
of deflection
Present
(in about half 
of specimens)
Absent 
(in all
specimens examined)
Slightly curved 
(in 2 out of 
13 specimens)
Moderately curved 
(in 6 out of 
9 specimens
ElephasLoxodontaGomphot heriumHammut
Figure 91. Relationships among five proboscidean genera based on five characters of the 
stylohyoideum bone. Synapomorphies are: A = presence of posterior ramus (character 11 in 
Table 54); B = absence of a "shelf" at the base of the inferior ramus (12 in Table 54); C 
= delicate bone, flat, and oblong in a cross section (13 in Table 54), and a narrow angle 
of deflection of the inferior ramus (14 in Table 54).
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The latter figure (Fig. 86) exemplifies how the 
stylohyoidea of Loxodonta and Elephas are different not only 
in adult specimens but also in a fetus vs. a 3-day old in­
dividual. Variations in the stylohyoidea bones among 
proboscidean genera are depicted in Figs. 87-89. A summary 
of the major differences between the stylohyoidea of 
Loxodonta and Elephas is presented in Table 56, and cladis- 
tic analysis of the stylohyoidea characters resulted in the 
cladogram depicted in Fig. 91.
Letters at the nodes (on Fig. 91) refer to synapomor­
phies of the taxa united in each branch. These shared- 
derived features are:
for A = presence of a posterior ramus, (character 11 in 
Table 54);
for B = absence of a "shelf" at the base of the in­
ferior ramus (character 12 in Table 54); and
for C = relatively delicate bone, flat, and oblong in a 
cross section (character 13 in Table 54), and 
shallow junction among the three rami, result­
ing in a narrow angle of deflection of the in­
ferior ramus (character 14 in Table 54).
The stylohyoideum of Serridentinus productus (F.AMNH, 
DVP 116792, Appendix P) was not included in the analysis 
because it is only a fragment (the inferior ramus is almost 
completely missing, and more than half of the posterior 
ramus is broken). Based on the piece available, however, it 
appears to resemble the stylohyoideum of Gomphotherium (more 
like F.AMNH, DVP 103208 than F.AMNH, DVP 103204) more than 
that of Loxodonta, Elephas or Mammuthus. The resemblance 
between the stylohyoidea of Serridentinus and Gomphotherium
4 4 3
is in t h e  r o b u s t n e s s  a n d  g e n e r a l  a p p e a r a n c e .
B.3. Summary, osteological results, Elephantidae
Figure 80, in effect, incorporates the finding 
presented in Fig. 91. In both figures relationships 
presented among the Elephantidae taxa corroborate 
relationships based on dental characters (Aguirre, 1969; 
Maglio, 1973).
V. DISCUSSION 
A. DISCUSSION, MORPHOLOGICAL ASPECTS 
A.I. Outgroup selection and general discussion
One of the most important decisions in any phylogenetic 
study is the choice of the outgroup taxa, for their charac­
ter states influence the relationships among the ingroup 
taxa under consideration (Maddison et al., 1984). This 
topic was discussed in Volume I of this dissertation (Sec­
tion B.l.2.2. under METHODS) mostly for the Mammalia. Here 
I wish to reason firstly on the choice of Arsinoitherium 
(order Embrithopoda) and Phenacodus (order Condylarthra) as 
outgroups for the Proboscidea and, secondly, on the choice 
of Gomphotherium (family Gomphotheriidae) and Mammut (family 
Mammutidae) as outgroups for the Elephantidae. A close 
study of the relationships within Eutheria (Figs. 32 and 40) 
and the equally parsimonious solutions mentioned in the text 
(Section C.l.1.2. under RESULTS), reveals that: (1) the 
Sirenia-Desmostylia branch is the closest to Proboscidea,
(2) Hyracoidea is a sister-group to the above, followed by
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Embrithopoda, and (3) Embrithopoda and Hyracoidea can ex­
change places. The reasons Desmostylia and/or Sirenia were 
not chosen as outgroups to the Proboscidea is because they 
either lack those characters used to establish relationships 
within the Proboscidea or that their skeletons are modified 
and these characters no longer apply. Embrithopoda was 
selected over Hyracoidea because the former is as large as 
an elephant and (possibly) as a result, certain characters 
(e.g., in the pelvis) are not found in Hyracoidea. 
Phenacodus (Condylarthra) was chosen over the remaining 
taxa in Branch B, Fig. 32 (namely Dinocerata and Cetacea) 
for the following reasons. Dinocerata is too close to the 
rest of the members in Branch B (in fact it exchanges places 
with Embrithopoda), and there was a need to choose a taxon 
that would separate the Embrithopoda-Proboscidea ingroup and 
yet be close to them. Cetacea is ruled out for lack of and/ 
or modified characters; therefore, the next closest branch 
is Condylarthra. Phenacodus was selected over other con- 
dylarths because it had more complete data and also because 
it shared certain features with the Proboscidea, namely, a 
serial carpus.
Next, I shall proceed with the rationale for selecting 
Gomphotherium and Mammut, and not other proboscidean taxa, 
as outgroups for the Elephantidae, beginning with the fossil 
record. The lineage of Mammut americanum, family Mam- 
mutidae, appears in the fossil record at about early to 
middle Oligocene, some 30-35 mybp (Coppens et al., 1978;
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Savage and Russell, 1983). This record antedates the ap­
pearance of Gomphother i urn ’ s (family Gomphotheriidae; term 
after Simpson, 1945:132) lineage which is in the middle to 
late Oligocene (about 25-30 mybp, see Fig. 54). Much more 
recent is the root of the family Elephantidae (Loxodonta, 
Elephas and Mammuthus); it dates to the beginning of the 
Pliocene, some 4.5 - 5.0 million years ago (Maglio, 1973).
Studies based on dental morphology (Andrews, 1904; Os­
born, 1936, 1942, Watson, 1946; Tobien, 1971, 1976; Coppens 
et al., 1978) show that Mammut is more primitive than Gom­
photheri urn which is closer to Elephantidae. These suggested 
relationships are in agreement with the results obtained in 
this study based on two independent non-dental osteological 
data sets: (1) 182 characters on 100 mammalian species ("+" 
in Appendix L), include five proboscideans (Moeritherium, 
Barytherium, Mammut, Gomphotheriurn, and Elephas), and (2) 58 
characters on 12 proboscidean taxa (see Table 52). These 
results and the chronological fossil record presented in the 
previous paragraphs, provided the basis for selecting Gom­
photheri urn and Mammut as outgroups for studying 
relationships within the Elephantidae (see also RESULTS and 
DISCUSSION on stylohyoideum characters).
Taxa sharing the polychotomous branch in Fig. 79 lack 
extensive data, thus, this "bush-like" nature was not 
surprising. Removal of the three taxa with the least data 
(Brezina specimen, Barytherium and Eozyqodon) resulted in a 
"cleaner" tree (cf. Figs. 79 to 80). The dashed lines (in
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Fig. 80) ascending to Palaeomastodon and Deinotherium indi­
cated that, based on the available non-dental evidence, 
these genera may exchange places. Based on dental morphol­
ogy (Coppens et al., 1978; Domning et al., 1986), however, 
Palaeomastodon is a sister-group to "other Proboscidea" 
(including taxa studied by this author). For this reason, I 
placed Palaeomastodon before Deinotherium on the cladogram 
depicted in Fig. 80. In addition to dental characters, 
Domning et al. (1986) listed a non-dental feature "64. Ex­
ternal auditory meatus ventrally closed." This character, 
in my opinion, is also shared by other proboscidean taxa 
(e.g., Deinotherium) and by a desmostylian (Desmostylus).
Students of proboscidean phylogeny and classification 
are much aware of the inclusion and exclusion of 
Moeritherioidea, Barytherioidea, and Deinotherioidea within 
or from the order Proboscidea (see Table 45). This writer 
considers all three suborders or superfamilies as bona fide 
proboscideans. The Brezina specimen (based especially on 
the calcaneum and astragalus examined) is also considered a 
true proboscidean (see also Domning et al., 1986, who concur 
with these statements).
Earlier analysis of proboscidean characters (Shoshani 
et al., 1985c, and papers presented at meetings of the 
American Society of Mammalogists, see under AUTOBIOGRAPHICAL 
STATEMENT) incorporated all individual specimens of each 
species as separate species (to test whether or not they 
would group together), and the results then showed that, on
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the whole, all specimens of the same genus and species did 
group together. There were a few problems, however, 
resulting from the paucity and the fragmentary nature of 
specimens.
In the present analysis, all the specimens of one genus 
were considered as one, and the characters were, in turn, 
also reduced. The reduction in characters was done by: (1)
removing all the measurements (because of the complexities 
and additional analyses required), (2) re-examining all the 
characters and eliminating those that are covered by others, 
and (3) deleting specimens that lacked data for specific 
characters (thereby eliminating those characters). For ex­
ample, out of the 12 stylohyoideum characters mentioned in 
Shoshani et al. (1985c), only five characters remained 
(Tables 52-54).
Parsimony analysis of the proboscidean characters shows 
that relationships within the Elephantidae depict Mammuthus 
and Elephas as closer to each other than either of them is 
to Loxodonta. These results provide independent mor­
phological evidence in support of the classical dental-based 
hypothesis (Aguirre, 1969; Maglio, 1973). Roth's (1984) 
study also provides slight indication (based on non-dental 
characters) in support of this classical hypothesis. In 
addition, these results may prove meaningful not only in 
phylogenetic studies but also as useful tools in identifying 
unknown bones in field and museum collections.
For example, while studying isolated proboscidean bones
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in museum collections, I found, on many occasions, bones 
that were not catalogued and not identified. Based on the 
characters examined, I tentatively assigned them to a 
species and later, when all the proboscidean bones in the 
collection were studied and notes were compared, it was 
possible to match the unidentified bones with the skeletons 
where these bones were missing. Examinations of characters 
also allowed me to correct misidentified labels on bones 
{with the consent of museum staff). All these problems were 
usually encountered on small bones (e.g., those in the 
manus, pes, and the hyoid apparatus).
Evaluation of characters within the context of 
phylogenetic information showed that some of these charac­
ters not only were useful in distinguishing between and 
among members of the Elephantidae and the outgroup taxa 
(Gomphotheriidae and Mammutidae), but also they showed a 
gradual change in the character states from the most primi­
tive to the most advanced species. An example of such 
change can be observed on the scapulae and femora of four 
taxa (Figs. 73 and 74). On the femur of Mammut (Fig. 74, 
far left) both medial and lateral condyles are clearly seen 
in posterior views. As we move to the far right of this 
figure (towards Mammuthus), we note that one can hardly ob­
serve these condyles as there is gradual twisting of the 
bone (laterally on a standing animal) resulting in the shift 
shown. Similar observation of gradual shift can be seen in 
Fig. 73 in which the "blade" forming the infraspinous fossa
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of the scapula is gradually tilting from the far left (Mam­
mut ) to the far right (Mammuthus). The femur and scapula of 
Gomphotheriurn fall between those of Mammut and Loxodonta.
Two additional observations with regard to dorsal ver­
tebrae include their number and shape. Earlier in this 
dissertation (Volume I, Section B.2.5.1. under Osteological 
Investigation, METHODS), it was argued that large numbers of 
thoracic vertebrae, and subsequently the number of pairs of 
ribs, is a primitive condition for Mammalia and reduction in 
number of pairs of ribs is a derived condition. Based on 
the author's observation and supplemented by formulae given 
in Osborn (1936, 1942), within Proboscidea the number of
pairs of ribs from one of the most primitive to one of the 
most divergent species (read vertically) is as follows:
Moeritherium = 21 * , Gomphotheriurn = 20-21,
Deinotherium = ? , Loxodonta = 20-21,
Palaeomastodon = ? , Elephas = 19-20,
Mammut = 20 , Mammuthus = 18-19
* = possibly 21-22.
(see also Volume I Table 6). The second observation con­
cerns the shape of the mid-dorsal aspect of thoraco-lumbar 
vertebrae. Much popular and scientific literature on 
elephants (e.g., Carrington, 1958; Sikes, 1971; Eltringham, 
1982) list the shape of the back as one of the main dif­
ferences between Loxodonta and Elephas; that is, Loxodonta 
has a sway (or concave) back, while Elephas has a convex or 
almost a straight back. Observations made by Osborn (see
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Fig. 72) and by this author confirm that these differences 
are, in fact, based on differences in the skeletal struc­
tures of these two genera.
A.2. Stylohyoideum
Stylohyoidea bones are poorly represented in museum 
collections; the isolated specimens found in eight museums 
(Appendix P) bear witness to this paucity. These bones are 
small to begin with, and additionally, they do not articu­
late with the rest of the skeleton as most bones do, but 
attach with connective tissues and small muscles at the 
pharynx region (see Fig. 81). It is therefore understan­
dable why the stylohyoidea bones (and in fact the entire 
hyoid apparatus) are lost during dissection and/or skeleton 
preparation, especially in small mammals. For example, of 
the 75+ extant elephant skeletons and/or skulls at the AMNH, 
only 12 possessed stylohyoidea; likewise of the 45+ extant 
elephant skeletons and/or skulls at the NMNH, only eight had 
stylohyoidea. The stylohyoideum bone is also poorly known 
among scientists and according to G. S. Morgan (pers. comm.) 
this bone was once identified as a deer antler, perhaps be­
cause of the "tine" at the tip of the inferior ramus (see 
Fig. 90). The description and illustration of a horn of 
Meryceros major (family Antilocapridae, order Artiodactyla) 
in Green (1956:168) appear to be associated with a 
stylohyoideum bone of Amebelodon (a gomphothere, order 
Proboscidea) also reported from that site [M. Skinner, pers. 
comm., by way of M. C. McKenna],
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The small subset of characters on the stylohyoideum of 
Proboscidea (characters 11-15 in Table 54) when analyzed 
cladistically resulted in the relationships depicted in 
Fig. 91. These results are congruent with dental-based 
(e.g., Coppens et al., 1978) and non-dental (this study) 
hypotheses for the relationships within the Elephantidae. 
This small data set on one bone can be used as an example of 
independent evidence for the relationships among Elephan­
tidae genera. This also appears to be an example of co­
evolution of a bone (the stylohyoideum) on the one hand and 
dental features on the other.
The stylohyoideum bone of Mammut americanum was 
depicted and/or described by Warren (1852), that of 
Loxodonta africana by Eales (1926), that of Elephas maximus 
by Garrod (1875), Gasc (1967), and Shoshani et al. (1982), 
and that of Mammuthus primiqenius by Vereshchagin (1977) and 
Kubiak (1980). As far as it can be ascertained from the 
literature, the stylohyoidea of Gomphotheriurn and Serriden- 
tinus have not been depicted or described in published 
reports; this is the first time.
Development of the hyoid apparatus can be traced to the 
second (hyoid) of the seven visceral arches of a generalized 
vertebrate (Romer, 1971; Hildebrand, 1974). Based on the 
available material and the literature consulted (Garrod, 
1875; Boonstra, 1932; Sprague, 1943; Romankowowa, 1962; 
Gasc, 1967; Griffiths, 1982), the development of the 
posterior ramus of the stylohyoidea in Gomphotheriurn and the
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three Elephantidae genera (Loxodonta, Elephas and Mammuthus) 
is not only unique for the Proboscidea but is also a new 
innovation within the class Mammalia. According to Gasc 
(1967) and the author's own observations, some mammals,
e.g., members of Artiodactyla and Perissodactyla, evolved a
small process on their stylohyoidea, a process which appears 
to be homologous to the posterior ramus in the stylohyoidea 
of Proboscidea. Garrod (1875) and Gasc (1967) stated that 
the posterior digastric and stylo-pharyngeus muscles attach 
on the posterior ramus of the stylohyoideum in elephants; 
these muscles function in movements of the hyoid apparatus.
Should someone ever find stylohyoidea of early probos­
cideans not described here, it would be extremely interest­
ing to see how they would look. Based on the foregoing
discussion on the sequence of appearance of proboscidean
taxa in the fossil record and on relationships based on 
dental and non-dental evidence, I predict the following: 
Moeritherium, Brezina specimen, Barytherium, ?Deinotherium, 
Palaeomastodon, and Eozyqodon - no posterior ramus on the 
stylohyoideum had developed. The possibility exists that 
Deinotherium may have developed a posterior ramus on the 
stylohyoideum, in which case it would be a parallel evolu­
tion or reversal of a development of this character (assum­
ing that the phylogenetic relationships depicted by Domning 
et al., 1986, and in Fig. 80 of this dissertation are ac­
cepted phylogenies).
Among the proboscidean taxa studied (those with com­
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plete or nearly complete data), individual specimens of 
Mammut americanum and Loxodonta africana proved to be highly 
variable. The clustering arrangements of Loxodonta 
specimens in Shoshani et al. (1985c), for example, were not 
as tightly grouped as the branches of Elephas. Measurements 
of the pairwise parsimony distance, or averages from the 
distance matrix of one of the computer programs used (TPMMD) 
show that, on the whole, specimens of Loxodonta are more 
distant from each other than specimens of Elephas. These 
differences in the pairwise parsimony distances between the 
two genera and the difference in the synapomorphic charac­
ters are in actuality the reflection of the greater diver­
sity in the characters examined? that is, the specimens of 
Loxodonta showed more variations than those of Elephas.
A.3. Should Loxodonta. Elephas, and Mammuthus be grouped 
in one genus?
A genus, according to Mayr (1969:92), is "...a 
taxonomic category containing a single species, or a 
monophyletic group of species, which is separated from other 
taxa of the same rank [other genera] by a decided gap." 
Admittedly, this is a vague definition but a "pragmatic" one 
(see Mayr, 1969 for additional details). Additional infor­
mation on the generic concept and general aspects of a 
species, a genus and hybrids between species and genera can 
be found in Winge (1941), Simpson (1945), James (1953), 
Crowson (1970), Anderson (1975), Van Gelder (1977a, 1977b, 
1978), Myers and Shafer (1979), Willis (1981), and Anonymous
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(1984).
Debate over the generic validity of Loxodonta and 
Elephas dates to Cuvier (1825) who regarded the African and 
the Asian elephants as two genera, "...differing from each 
other as much as Canis from Hyaena, or Laqomys from Lepus." 
Lydekker (1907, 1916), however, considered Loxodonta as a 
subgenus of Elephas. Thus, if one accepts earlier
hypotheses that Mammuthus should be synonymized with 
Elephas, and that Elephas and Loxodonta should also be 
grouped under one genus (see Introduction to Volume II of 
this dissertation for references), then one has to use only 
a single genus, namely Elephas, to represent all three
genera. Based on the results presented here and also sum­
marized in Table 57, it is apparent that Loxodonta, Elephas 
and Mammuthus are distinct genera. In examining some of the 
characters listed for generic and even familial levels in a 
general mammalogy book (e.g., Lawlor, 1976; DeBlase and 
Martin, 1981) and comparing these characters to those given 
in Table 57 for Loxodonta, Elephas and Mammuthus, one will 
notice that in certain cases the distinguishing characters 
listed in Table 57 are better than those given for a 
familial level (see, particularly, characters for 
Ochotonidae vs. Leporidae in Lawlor, 1976 and in DeBlase 
and Martin, 1981).
Dubrovo (1985:241) listed a few characters in support
of her claim that Archidiskodon and Mammuthus should be
considered as two distinct genera. These characters in-
T a b l e  57. D i f f e r e n c e s  a m o n g  L o x o d o n t a , E l e p h a s  a n d  M a m m u t h u s . ( 1 )
SUBJECT/CHARACTER
Loxodonta 
af ricana (*)
Elephas 
maximus (3)
Mammuthus 
primiqenius (*)
SOFT ANATOMY (*)
Proportion
highest point-shoulder 
dorsum outline-concave 
rump and shoulder- 
about same height
highest point-head 
dorsum outline- 
convex or straight 
rump and 
shoulder-about 
same height
highest point-head 
dorsum outline- 
sloping caudally 
rump-lowest point
Weight (of adult) 5-7 metric tons 3-5 metric tons 4-5 metric tons (‘)
Height at shoulder 
(of adult)
3-4 meters 2-3.2 meters 3-3.5 meters (1)
Shape of head 
and skull (')
elongate 
antero-posteriorly, 
has no dorsal, 
parietal bulges, 
and no dished forehead
compressed antero- 
posteriorly 
has dorsal, 
parietal bulges, 
and dished forehead
same as for Elephas 
but more accentuated
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T a b l e  57 ( c o n t i n u e d )
SUBJECT/CHARACTER
Loxodonta 
africana (*)
E l e p h a s
m a x l m u s  ( 3 )
Mammuthus 
primiqenius (*)
Size of ears (')
Dorsal border of pinnae 
(in mature individuals)
Tip of trunk (1 *)
Tail length (1S)
Anal flap at 
base of tail ( l 3 a )
Number of nail-like 
structures ("toes") (,4)
Hair and underwool
large, exceed 
the width of the neck
fold medially
with 2 "fingers" 
(dorsal and ventral)
vary in size 
18 cm wide
fore feet - 4 
hind feet - 3 (15)
hair sparse, 
differs in length 
underwool - absent
smaller, 
do not exceed 
width of neck
fold laterally
with 1 "finger1 
(dorsal)
vary m  size 
15 cm wide
fore feet - 5 
hind feet - 4
same as for 
Loxodonta
smallest, 
do not exceed 
width of neck (1 •)
fold laterally (,x)
with 1 "finger" 
(ventral is broad)
short (*•) 
18 cm wide
fore feet - 5 (1‘) 
hind feet - 4
Long hair 
dense underwool (10)
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T a b l e  57 ( c o n t i n u e d )
SUBJECT/CHARACTER
Loxodonta 
africana (2)
Elephas 
maximus (2)
Mammuthus 
primiqenius (4)
Subcutaneous £at little same as for 
Loxodonta
about 9,0 cm thick 
in some places (10)
HARD ANATOMY (17)
SKULL
Orbit (1B) round, smooth corner somewhat angular most angular
Maxillae ridges
(in ventral view) ( 1 J )
antereo-posteriorly
indistinct and apart 
from each other 
and from the midline
prominent and close 
to each other 
and to the midline
same as in Elephas 
but more accentuated
A process at the 
anterior border o£ 
the mandibular foramen
absent present present
Tusks (2#) straight or 
slightly curved
slightly to 
moderately curved
moderately to 
extremely curved
Cheek teeth (11)
Maximum No. of plates 15 (") 29 (” ) 30 (24)
T a b l e  57 ( c o n t i n u e d )
SUBJECT/CHARACTER
Loxodonta 
africana (3)
Elephas 
maximus (3)
Mammuthus 
primiqenius (4)
Shape of plates at 
occlusal 
surface {1 *)
lozenge narrow, compressed 
closed loops
same as in Elephas
Enamel thickness (J‘) thickest thinner thinnest
POSTCRANIUM (27)
Stylohyoideum (**) robust bone, 
round in a cross' 
section of the 
superior-posterior 
rami, wide angle 
of deflection of 
the inferior ramus
delicate bone, 
flat/oval in a 
cross section of the 
super ior-posterior 
rami, narrow angle 
of deflection of 
the inferior ramus
similar to that 
of Elephas but 
even flatter and 
has a narrower 
angle of deflection
Number o£ pairs 
of ribs (**)
20-21 19-20 18-19
Scapula's center 
of gravity, lying on 
a flat surface (18)
balances between the 
infra- and 
supra-spinous fossae
tilts towards the 
infra-spinous fossa
same as for Elephas
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T a b l e  57 ( c o n t i n u e d )
SUBJECT/CHARACTER
Loxodonta 
africana (2)
Elephas 
maximus (3)
Mammuthus 
primiqenius (4)
Femur's 
center of gravity (3l)
head stays raised 
above surface
head falls and 
touches surface
same as for Elephas
Calcaneum's 
center of gravity (32)
remains standing on 
the cuboid facet
falls same as for Elephas
A groove on the 
lateral side, 
posterior and dorsal to 
the cuboid facet (13)
absent present present
MOLECULAR/BIOCHEMICAL
Hematological 
parameters (34)
overall similar 
to Elephas
overall 
similar to 
Loxodonta
—  (” )
HEMOGLOBIN
Electrophoretic 
behavior (3‘)
migrated faster 
than Elephas
migrated slower 
than Loxodonta
—
Oxygen affinity (37) higher than 
for Elephas
lower than 
for Loxodonta
--
Amino acid 
sequences (3■)
4 substitutions 
different from Elephas
4 substitutions 
different from 
Loxodonta
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T a b l e  57 ( c o n t i n u e d )
SUBJECT/CHARACTER
Loxodonta 
africana (2)
Elephas 
maximus (3)
Mammuthus 
primiqenius (4)
MYOGLOBIN
Amino acid 
sequences (3 *)
alanine at 
position 129
glycine at 
position 129
—
Albumin and collagen 
(immunological 
studies) (40)
reacted with a 
slight indication 
similar to that 
of Mammuthus
Footnotes to Table 57.
1. Loxodonta africana, Elephas maximus and Mammuthus primiqenius (+) (all are classified 
In the family Elephantidae, order Proboscidea; see Table 45 and Fig. 54) were studied 
extensively during this research. Gomphotheriurn anqustidens (+) (family Gom- 
photheriidae) and Mammut americanum (*; (family Mammutidae) were also examined for 
comparisons. [(*)=extinct].
2. According to Sikes (1971), Laursen and Bekoff (1978), and Eltringham (1982), there are 
two subspecies of the African elephant recognized today: (a) Loxodonta africana 
africana [the Bush or Savannah African elephant], and (b) Loxodonta africana cyclotis 
[the Forest, not "Pygmy," African elephant (first described by Noack, 1906)]. Sikes 
(1971) provided a list of external characters differentiating between the Bush and the 
Forest African elephants. Most of the characters examined here agree for both sub­
species; differences are noted below.
3. According to Shoshani and Eisenberg (1982) and Eltringham (1982), there are three sub­
species of the Asian elephant recognized today: (a) Elephas maximus maximus [found in
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the island of Sri Lanka], (b) Elephas maximus indicus [found in the mainland of India, 
Indochina, and Borneo (introduced)], and (c) Elephas maximus sumatranus [found in the 
island of Sumatra]. Deraniyagala (1955) recognized 14 subspecies of the Asian elephant 
but provided distinguishing characters for only 12, 8 living and 4 extinct. The vast 
majority of the characters examined here agree for all three subspecies; differences 
are noted below.
4. The Woolly mammoth (Mammuthus primiqenius) was studied most extensively among mammoths' 
material; other species examined include: the Columbian mammoth (Mammuthus columbi) and 
the Imperial mammoth (Mammuthus imperator). Maglio (1973) provided distinguishing 
characters (mostly dental) among these three mammoths (all are extinct). Most of the 
characters examined here agree for all three species; differences are noted below.
5. Information was compiled from various sources including: Cuvier and Saint-Hillaire 
(1825); Mayer (1845); Imperial Academy of Sciences USSR (1903-1914); Zalenskii (1909a); 
Anthony and Coupin (1925); Digby (1926); Charlesworth (1957); Osborn (1936, 1942); 
Augusta and Burian (1962); Sikes (1971); Zhenevskaya (1977); Krause (1978); Laursen and 
Bekoff (1978); Vereshchagin and Mikhelson (1981); Kubiak (1982); Shoshani and Eisenberg 
(1982); Shoshani et al. (1982); and Dubrovo (1985). Individual references are singled- 
out below as necessary.
6. Weight is estimated, see Gray (1983). Columbian and Imperial mammoths would have 
probably weighed more (about 5-7 metric tons).
7. Estimated skeletal height and height in flesh, respectively are 2.99 meters and 3.19 
meters (Osborn, 1942:1605); see also Gray (1983). Heights in flesh for the Columbian 
and imperial mammoths (according to Osborn, 1942:1605), respectively are: 3.64 meters 
and 3.70 meters. Gray (1983:104) gave height of 4.0 meters for the imperial mammoth.
8. See characters 1, 3, and 6 in Table 54. See also Figs. 65-66.
9. Ear sizes of the three genera compared coincides with Allen's rule ("The extremities of 
animals, the ears, tail, bill, etc., are shorter in the cooler part of the range than 
in the warmer part."; see Smith, 1974:460 for summary of ecological rules).
10. Features that are believed to enable the woolly mammoth to adapt to cold climate were
given by Krause (1978) and Kubiak (1982). These characters include: small ears;
large, curved tusks; short legs; long hair and thick skin; short tail; anal flap; fat 
hump, and thick layer of fat beneath the skin. Krause (1978) discussed each of these 
features and concluded that none of them can be employed as an evidence for the woolly 
mammoth adaptation to cold. "The cold-adaptation of the woolly mammoth is only 
science fiction." This mammoth, Krause continues, "...could have only lived in a 
temperate to warm-temperate climate." Kubiak (1982), on the other hand, argues to the 
contrary "The woolly mammoth was apparently well adapted to the Arctic steppe en­
vironment...". Dubrovo (1985) concurs with Kubiak (1982). Lash (1980:224), however, 
argued that "Krause's illogical conclusion, plus serious flaws in his presentation of 
the material, could overshadow the importance of his observations."
11. In restorations of the woolly mammoth found in the literature (e.g., Osborn, 1936,
1942; Augusta and Burian, 1962; Gray, 1983) the pinnae are drawn with their dorsal
borders folded laterally. On the mounted Berezovka specimen at the Zoological In­
stitute in Leningrad, the dorsal borders of the pinnae are folded laterally (my per­
sonal observations and from the photograph on page 19 in Augusta and Burian, 1962).
12. The so called "fingers" or "finger-like processes" often encountered in the literature 
(e.g., Carrington, 1958; Sikes, 1971; Eltringham, 1982) are fleshy projections with 
which elephants (and presumably mammoths) pick up food and objects. According to 
Racine (1980) the two living elephants differ in the modes of picking up food and ob­
jects with their trunks —  the African elephant employs the "pinch" method, while the 
Asian elephant employs mostly the "grasp" but also the "pinch" method (the implication 
is that this behavior co-evolved in association with the shape and structure of the 
tip of their trunks). The illustrations of the trunks are from Osborn (1942:1128) who 
in turn, presented the tip of the mammoth trunk as given by Flevor (1931). Augusta 
and Burian (1962) also provided illustrations of the tip of the trunks of the three 
genera. Comparing the illustrations in Osborn (1942:1128) to those in Flevor 
(1931:865-867) and in Augusta and Burian (1962:39), it appears that there is an error 
in Osborn's work; Mammuthus' and Loxodonta's labels were exchanged. In addition, the 
illustration of tip of the trunk of Loxodonta africana (shown as well delineated 
projections), and also those presented by Racine (1980:58, 60) seem to be more exag­
gerated than in life [my personal observations and photographs in Douglas-Hamilton and 
Douglas-Hamilton (1975), Eltringham (1982), and Kunkel (1982)]. 462
Note: R. Anthony and F. Coupin (1925) reported on the presence of an intercommunicat­
ing canal between the nasal passages and the associated fibrous arches in Elephas 
maximus. Sikes (1971) noted the absence of these structures in Loxodonta africana. 
Shoshani et al. (1982) also did not find these structures in two Elephas maximus 
specimens they examined.
13. Hickman (1979) provided a good review of the function of mammalian tails, including 
those of elephants. See also Krause (1978) and note No. 9 above.
13a. The anal flap at the base of the tail of the Berezovka mammoth was figured by 
Zalenskii (1909a-b:Tabula I and Tabula VII) and also seen by the author on the 
Berezovka mammoth at the Zoology Museum of the Academy of Sciences, Leningrad, USSR. 
The measurements of the anal flaps are after Krause, 1978:87-88.
14. Elephants are born with 5 "toe-nails" on the forefoot and 4 on the hind foot, these 
"toes" (or "hooves" as Sikes, 1971:Plate 7a and 7b, called them) extend on the ventral 
surface of the soles and wear away (from the soles) later in life. The number of 
"toes" observed externally vary with individual elephants (all have 5 digits, 
however), depending on age and the wear of soles [the most lateral "toes," especially 
on the hind feet tend to wear and fall off; B. Steele (pers. comm.)] - the values 
given in this table are those most frequently observed; Eltringham (1982:13), on the 
other hand, stated that there are no differences among Lj_ africana, L. a. cyclotis, 
and E_^  maximus.
15. The number of "toes" found in the Forest African elephant (L^ a^ cyclotis) is like 
that found in the Asian elephant (E^ maximus) not as in the Bush African elephant (L.
a . africana) [Carrington, 1958:26; and my personal observations],
16. Estimated - based on photographs and illustrations in Augusta and Burian (1926), Os­
born (1936, 1942), and Gray (1983).
17. See also characters listed under "shape of head," characters 1, 3, and 6, in Table 54, 
and Figs. 65-66.
Note that only diagnostic features or those that can be easily observed on the 
skeleton are given in this table; a complete listing of characters is given in Table
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54.
18. Referring to the rim at the corner formed between the dorso-posterior and medial walls 
of the orbit (see character 7 in Table 54).
19. These maxillae ridges are ventrally located, on each side of the midline, in anterior-
posterior direction, and anterior to the cheek teeth.
20. Compare illustrations in Osborn (1936, 1942) and in Gray (1983).
Dental formula (for all three genera): i 1/0, c O/O, dp 3/3, m 3/3, a total of 26
teeth.
Note that in living elephants deciduous tusks are replaced by permanent second in­
cisors within 6 to 12 months after birth (Deraniyagala, 1955). Permanent tusks grow 
continuously at the rate of 17 cm per year (Colyer and Miles, 1957) and are composed 
mostly of dentine. In a cross section, a tusk exhibits a pattern of lines that 
crisscross each other to form small diamond-shaped areas visible with the naked eye
(Simpson, 1942; Miles and White, 1960; Sikes, 1971). This pattern has been called
"engine turning" and is unique to Proboscidea (Simpson, 1942). The tusks of pigs, 
hippopotami, and walruses are canine teeth; those of narwhals are also canines. Since 
none of these mammals exhibit "engine turning" in their tusks, the term ivory should 
be applied to proboscideans' tusks only.
21. Premolars are molariform and for practical field work they are called cheek teeth and 
are referred to molars I through VI (Laws, 1966; Sikes, 1971). The plates of the up­
per cheek teeth diverge towards the chewing surface while the plates of the lower 
teeth converge toward the chewing surface (Maglio, 1973).
22. After Laws (1966) and Sikes (1971),
23. After Roth and Shoshani (1986).
24. After Maglio (1973), and Sher and Garutt (1985).
25. Drawings after Skeels (1962), Dorr and Eschman (1971), Laws (1966), and Maglio (1973).
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26. After Maglio (1973).
27. "Postcranium" is a term often found in the literature (e.g., DeBlase and Martin, 1981; 
Anderson and Jones, 1984) even though "Postskull" is more accurate.
28. Stylohyoideum characters are presented in Table 54 (characters 11-15), Table 56 (dif­
ferences between Loxodonta and Elephas) and Figs. 81-91.
29. Number of pairs of ribs were given by Osborn (1936, 1942), Laursen and Bekoff (1978), 
Shoshani and Eisenberg (1982).
30. This test is best conducted by placing the scapula on a level surface and observing 
whether the bone leans towards the infraspinous fossa or balances between the two 
fossae. Whenever possible, both scapulae of each specimens were examined and when 
available those of fetuses, young, adults, females, and males were studied. Of the 
over 50 scapulae examined, with a few exception, only those of Loxodonta africana 
balanced between the two fossae, the exceptions being those of abnormal bones. Of the 
scapulae of Elephas over 75% leaned toward the supraspinous fossa (see Fig. 73).
31. This test is best conducted by placing the femur on its posterior side on a flat 
leveled surface, such that both condyles touch the surface and the head is raised (see 
also Table 54, character No. 44, and Fig. 74).
32. This feature is a simplified version of character No. 55 in Table 54 and the as­
sociated footnote; see also Fig. 78.
33. See character No. 56 in Table 54 and note No. 28 therein.
34. The earliest known reference on elephant hematology is that of Schultz (1839), even 
though the earliest reference consulted on comparative hematological study between the 
two living elephants is that of Gulliver (1875). Hematological investigations for the 
African elephant (Loxodonta africana) include those of Schmitt (1960, 1964, L^ a . 
cyclotis), Moore and Sikes (1967), Kalter (1971), Debbie and Clausen (1975), Brown et 
al. (1978), Woodford (1979, L^ a_^  cyclotis), and Brown and white (1979). Blood of the 
Asian elephant was examined by Simon ("1961), Schmitt (1960, 1964), Nirmalan and Nair 
(1971), and Lewis (1974). A good review and comparison between the African (L.
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af ricana) and the Asian (E^ maximus) elephants is given by Brown and White (1980): 
elephant’s RBC is biconcave and large with a mean diameter of 9.25 micro-meter [human 
(Homo sapiens) range is 6.7-7.7 micro-meter, and among mammalian species studied, only 
the giant anteater (Myrmecophaqa tridactyla) has an RBC of similar size to elephants - 
see Brown et al., 1980 and references cited therein]; "As a corollary to large red 
cell size, cell counts in elephants tend to be lower than in other mammals." (Brown 
and White, 1980:1). This low cell count in elephant may have evolved hand in hand 
with the high oxygen affinity to hemoglobin (see below) in an animal as large as an 
elephant, having a slow metabolic rate (Benedict, 1936). Further hematological 
studies are needed, perhaps similar to those conducted by Fujino and Cushing (1960) 
for fur seals, Allendorf et al. (1979) for polar bears, and Nieminen et al. (1980) for 
reindeer.
35. The papers by Gautrelet and Neuville (1914) and Neuville and Gautrelet (1915) 
described the fixed blood of the mammoth from Liachoff Islands ("Volosovitch Mammoth, 
1910" in Digby 1926:Map) - no hematological parameters were given.
36. Schmitt (1960) and Buettner-Janusch et al. (1964) demonstrated that elephant 
hemoglobin migrated faster than normal human hemoglobin A, between Loxodonta and 
Elephas, the former migrated faster than the latter (Schmitt, 1960).
37. Dehinsa et al. (1972, and references cited therein), found that elephant hemoglobin 
has a high oxygen affinity (low P so) and a small Bohr effect when compared to other
mammalian hemoglobins. Dehinsa et al. (1972) also concluded that between the two 
living elephants, Loxodonta africana has a higher affinity for oxygen than Elephas 
maximus. These observations are corroborated by Schmidt-Nielsen and Larimer's (1958) 
postulations that oxygen affinity of whole blood from terrestrial mammals is inversely 
related to body weight, i.e., the larger the animal the higher the oxygen affinity and 
vice versa.
38. Braunitzer et al. (1982) reported the amino acid sequences of Elephas maximus 
hemoglobin, and Braunitzer et al. (1984) on the sequences of Loxodonta africana 
hemoglobin. Differences between the two elephants include (given for Loxodonta and 
Elephas, respectively): for alpha chain, position 5 = asparagine vs. lysine; for alpha 
chain, position 49 = glycine vs. serine; for alpha chain, position 57 = alanine vs.
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glycine; and for beta chain, position 52 = glutamic acid vs. aspartic acid (Braunitzer 
et al., 1984:747). The hemoglobin sequences of both elephants are incorporated in the 
phylogenetic analysis of of Kleinschmidt et al. (1986).
39. Dene et al. (1980) and Romero-Herrera et al. (1981) reported the amino acid sequences 
for the Asian and the African elephants, respectively. Both studies noted that the 
myoglobin of elephants contains Gin (=glycine) instead of His (=Histidine) at position 
E7 (=64), as is the case for most other vertebrates. This substitution (His to Gin) 
in elephants, according to Romero-Herrera et al. (1981) and Bartnicki et al. (1983) 
converted their myoglobin to a more efficient (faster reusing of the molecule) O a
carrier from the blood capillaries to the muscle tissues. This advantage, plus those 
mentioned under hemoglobin, have, undoubtedly enabled elephants to survive environ­
mental selective pressures. The amino acid sequences of myoglobin between Loxodonta 
africana and Elephas maximus vary from each other at position 129 where the former has 
alanine instead of glycine in the latter (Romero-Herera et al. 1981:141).
40. Results of Shoshani et al. (1985b and 1985c) and those presented here display on the 
whole that phylogenetic relationships based on immunological results obtained thus 
far, are equivocal; i.e., a trichotomy exist among Loxodonta, Elephas and Mammuthus 
(see also Lowenstein, 1985a). Shoshani et al. (1985c) concluded that there was "...a 
slight indication of the traditional hypothesis." [that is, that Elephas and Mammuthus 
are more closely related to each other than either of them is to Loxodonta; a dental- 
based hypothesis after Aguirre, 1969, and Maglio, 1973].
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eludes "... different ratio of the width of the skull in 
the zygomatic and occipital regions, the width of the 
intermaxillary bones and skull length, the index of height 
and length of the skull, the different morphology of grind­
ing surface of the teeth and the diverse height of the molar 
crown." Again, should one accept the criteria advanced by 
Dubrovo (1985) for the generic differences between Ar- 
chidiskodon and Mammuthus. then one should have no problem 
accepting the evidence presented here (see Table 57 for 
summary) as sufficient to retain Mammuthus, Elephas and 
Loxodonta as three distinct genera, because the differences 
among the latter genera are by far greater than between the 
former. Furthermore, Aguirre (1969) and Maglio (1973) con­
sidered Archidiskodon a synonym of Mammuthus and also 
retained Elephas and Loxodonta as separate genera [see, 
however, Hooijer (1954) who described Archidiskodon 
celebensis].
This section on the generic validity would be incom­
plete without briefly mentioning the only known hybrid be­
tween a female Elephas and a male Loxodonta (Howard, 1979). 
The offspring ("Motty"), properly designated Elephas maximus 
X Loxodonta africana (terminology after DeBlase and Martin, 
1981:83) was born at Chester Zoo, England, and died after 10 
days, apparently "...due to necrotic entero­
colitis." (Howard, 1979:39). Hybrids between species do not 
normally occur in the wild but often among domestic and zoo 
animals, the offspring of which are usually sterile (Van
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Gelder 1977a, 1977b, 1978; Myers and Shafer, 1979;
Anonymous, 1984). Birney (1973) and Moore (1977), however, 
reported hybridization between species in the wild and the 
ramifications resulting from these hybrids. If one accepts 
the recommendation of Van Gelder (1977b) that the ability of 
two species to produce a hybrid be employed as a criterion 
for placing these species in the same genus, then Elephas 
and Loxodonta should be placed in one genus [as was men­
tioned earlier, Lydekker (1907,1916) concurred with this 
hypothesis , based on ear characters, however]. In my
opinion, Elephas and Loxodonta should remain as two distinct 
genera because: (1) the only known hybrid was conceived,
born, and died in captivity, and (2) based on the morpho­
logical and molecular evidence presented in this disserta­
tion [see summary in Table 57] the differences between 
Elephas and Loxodonta are, in some cases, larger than dif­
ferences between families (see details above).
A.4. Evolutionary rates within the Elephantidae
Evolutionary rates for Loxodonta and the combined 
Elephas and Mammuthus branch were calculated on three 
separate trees: (1) on Fig. 1 in Shoshani et al., 1985c; (2)
on Fig. 80, and (3) on earlier version of Fig. 91, incor­
porating individual specimens as species (not shown here, 
presented at the 63rd Annual Meeting of the American Society 
of Mammalogists, Gainesville, Florida, June 19-23, 1983).
In all three calculations, the results showed that Elephas 
and Mammuthus evolved (1.6, 1.4, and 1.42 times, respec-
4 7 0
tively) faster than the Loxodonta branch. This finding is
in agreement with observations made by Maglio (1973) who
found that dental characters evolved faster in Elephas and 
Mammuthus than in Loxodonta. [Note: I have calculated the 
average evolutionary rates from three of Maglio's Figures 
(40, 41, and 42) and found that dental features of Mammuthus 
and Elephas lineages evolved 5.33 times faster than the 
lineage of Loxodonta during the past 4.5 million years].
B. DISCUSSION, MOLECULAR ASPECTS
The discoveries of well preserved mammoths, with soft 
tissues intact, in the Arctic Circle (see, for example, 
Digby, 1926; Farrand, 1961; Augusta and Burian, 1962; 
Vereshchagin and Mikhelson, 1981; Vereshchagin, 1982)
provided molecular biologists with rare opportunities to 
study these extinct species. Extremely well preserved blood 
cells, collagen and muscle fibers of the Magadan mammoth, 
Mammuthus primiqenius, were presented by Barnhart et 
al. (1980) and Shoshani et al. (1981). Tissue preservation 
in mammoths were also reported by Gillespie (1970), Zimmer­
man and Tedford (1976), and Zhenevskaya (1977). Biochemical 
investigations further confirmed the excellent state of
protein preservation not only in mammoth muscle samples, but 
also in the bones of an American mastodon, Mammut 
americanum, examples of tissue preservation in permafrost 
and peat bogs, respectively (Shoshani et al., 1985b, 1985c). 
Hallin (1983) reported, for the first time, on the preser­
vation of hair of Mammut americanum, and Gillespie (1970)
4 7 1
and Valente (1983) reported on the hair of mammoths. 
Proteins and tissue preservation of mummies and 8-year old 
blood were presented by Zimmerman (1973), Riddle et 
al. (1976), and Sensabaugh et al. (1971). Ho (1966) 
reported on proteins in bones of Pleistocene mammals and 
Miller and Wyckoff (1968) on the presence of proteins in 
dinosaurs. Benton (1985) reviewed general aspects of tissue 
preservation and discussed the possibility of cloning a 
dinosaur.
Amino acid composition analyses (see Tables 48 and 49, 
Fig. 61, and Goodman et al., 1980) of the extracted soluble 
protein material from the mastodon bone and mammoth muscle 
samples showed that this material was mostly collagen but it 
also contained trace amounts of' serum proteins. Antisera 
produced against either mastodon bone or mammoth muscle 
reacted strongly with both elephant collagen and elephant 
serum (Tables 47, 50-51). In turn, antisera produced
against either purified elephant collagen or purified 
elephant albumin yielded sizeable cross reactions with mam­
moth muscle (Tables 50-51). This preservation of im- 
munologically reactive proteins in one American mastodon 
(10,000 years old) and three woolly mammoths (range from 
10,000 to 53,000 years old; see also Appendix I) has allowed 
us to demonstrate at the molecular level that Mammuthus 
belongs in the family Elephantidae along with Elephas and 
Loxodonta and that Mammut originated within the Proboscidea. 
An indication of serological affinity of Mammuthus to
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Elephantidae was noted by Friedenthal (1905), to a limited 
extent and confirmed by Prager et al. (1980) and Shoshani et 
al. (1981).
Tables 50 and 51 show that antibodies produced against 
purified elephant albumin and collagen, respectively, 
reacted more strongly with mammoth muscle extract than with 
mastodon bone extract, reflecting either a closer 
relationship of mammoth to living elephants than to mas­
todon, or better preservation of the mammoth proteins. In 
turn, the antiserum produced against mastodon bone reacted 
more strongly with test antigens from the three species of 
Elephantidae than with test antigens from non-proboscideans 
(Tables 50-51).
In addition, antisera produced against mastodon and 
mammoth extracts reacted quite well with both mastodon and 
mammoth antigens. These reactions are a composite of 
several factors: (1) they represent both serum and tissue
proteins, such as albumin and collagen, and (2) the antigens 
are similar both because of the common proboscidean lineage 
and a common, though distinct, history of millennia of 
diagenetic change. These mixed factors make it difficult to 
estimate the degree of relationship of mastodon and mammoth 
from their cross-reactions. Likewise, anti-mastodon an­
tiserum is bound somewhat more strongly to African than to 
Asian elephant serum, whereas anti-mammoth is bound somewhat 
more strongly to Asian than to African. These results must 
be interpreted with caution. They might reflect actual
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genetic relations, but they might merely indicate varying 
patterns of diagenetic change.
The reactions observed in Tables 50 and 51 are probably 
qualitative rather than quantitative. This observation was 
confirmed by the determination of protein concentration on 
the samples (see footnotes 2-3 to Table 46). Among the non­
proboscideans tested, we included the North American manatee 
(Trichechus manatus), order Sirenia, which is known to be 
the closest living relative of the order Proboscides (Romer, 
1966; McKenna, 1975; Shoshani et al., 1981; de Jong, 1982). 
Results presented in Table 46 show that manatee tissues were 
the only non-proboscidean samples to produce precipitin 
lines with the absorbed chicken antiserum against Asian 
elephant muscle homogenate.
The immunoelectrophoresis results (Fig. 64) are based 
on the clotted blood of the woolly mammoth, Mammuthus 
primiqenius ("Dima", see Appendix I), and blood samples of 
the living elephants. In contrast, the immunodiffusion and 
the radioimmunoassay results presented above, are based on 
muscle tissues of the woolly mammoth and other mammals and 
showed close kinship among the Elephantidae genera Loxodon­
ta , Elephas, and Mammuthus. The immunoelectrophoresis 
results appear to support these findings but they are in­
complete because only bloods of the living elephants were 
compared to those of the mammoth and also because the blood 
components that showed reaction of identity (Al in Fig. 64) 
have not been determined. The reaction of identity is sig­
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nificant because certain proteins in the bloods of the mam­
moth and elephants share some antigenic similarities. Ex­
amination of Asian elephant blood (Nirmalan and Nair, 1971) 
and African elephant blood (Brown et al., 1978) show that 
the major protein components in elephant blood are globulin 
(alpha, beta, and gama) and albumin, with the former being 
present in slightly larger quantities. Thus, it is possible 
that the blood component of the elephant that migrated the 
farthest is globulin or albumin.
Except for the immunoelectrophoresis data which are 
incomplete, and slight indications from RIA results for 
close antigenic similarity between Elephas and Mammuthus, 
the rest of the data presented for the Elephantidae species 
show that tissues of the living elephants (E^ maximus and L. 
africana) shared more antigenic sites with each other than 
with tissues of the woolly mammoth (jt primiqenius). These 
results seem to reject the dental-based hypothesis of 
Aguirre (1969) and Maglio (1973) in which Elephas is 
phylogenetically closer to Mammuthus than to Loxodonta. 
However, the main reason for the diminished cross reactions 
of the extracts from mammoth tissue is the extensive 
denaturation and degradation of the protein material in 
these extracts. Because of this we were unable to resolve 
immunologically which two of the three Elephantidae species 
share the closest kinship. Valente (1983) and Cring (1986) 
were also unable to resolve this trichotomy within the 
Elephantidae.
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VI. THE ELEPHANTIDAE: SUMMARY AND CONCLUSIONS
Based on the analyses of 58 non-dental osteological 
characters, the phylogenetic relationships among the
Elephantidae genera studied (Figs. 80 and 91) are congruent
with the dental-based hypothesis of Aguirre (1969) and 
Maglio (1973); that is, within the Elephantidae, Mammuthus 
is more closely related to Elephas than to Loxodonta. In 
addition, it was found that the lineage of Mammuthus-Elephas 
evolved faster than Loxodonta branch, which implies that 
Loxodonta is the most conservative elephantid genus. It is 
further stated that each of these three genera is a distinct 
genus; no one should be considered as a subgenus of the 
other (see Table 57).
On the other hand, the phylogenetic relationships 
within the Elephantidae based on the immunochemical results 
obtained thus far, are equivocal; that is, a trichotomy ex­
ists among Loxodonta, Elephas, and Mammuthus, and it is not
possible to establish serologically, which of the three 
genera share closest affinity. This may be interpreted as a 
slow rate of molecular evolution, a situation similar to 
that found among Gorilla, Pan, and Homo, having ap­
proximately the same divergence time as Elephantidae genera 
(Goodman, 1985). An effort has been made to establish a 
sound phylogenetic relationship within the subfamily 
Elephantinae based on the materials available. This proved 
to be extremely difficult because we are dealing with 
proteins (mostly collagen and albumin) that are each
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evolutionarily conservative molecules [Eyre, 1980; Solomon 
and Cheah, 1981; {for collagen), Goodman, pers. comm, (for 
albumin - evolutionarily conservative when in serum but may 
evolve rapidly when in tissue enzymes)] and, in addition, 
are probably not preserved in their native state. Results 
with the bone extract from Mammut americanum provided the 
first immunological evidence for close relationship to 
Proboscidea. This specimen is an important antigen in the 
immunological investigations since based on morphological 
criteria it represents an outgroup taxon (family Mammutidae) 
to the Elephantidae and Gomphotheriidae.
Indeed our biochemical results indicate that among the 
species compared in this study, the American mastodon ap­
pears to be a sister-group to the Elephantidae because it 
diverged much less from the three elephants (mammoth, Asian 
and African) than did non-proboscideans such as the manatee 
(Trichechus) or cow (Bos). Further purification of the 
various serum and tissue antigens responsible for these 
reactions may make possible a more quantitative appraisal of 
genetic distances among the fossil and living proboscideans.
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I. SUMMARIES AND CONCLUSIONS
Detailed summaries on the Paenungulata, on the 
Elephantidae, and comparisons between molecular versus mor­
phological methods were given at the end of each volume,* 
therefore, only the most important elements are recapped 
here, supplemented by other materials.
I find it necessary to mention here, in brief, thoughts 
that were conveyed to me by Malcolm C. McKenna (MCM). It is 
McKenna's (pers. comm.) opinion that the molecular results 
presented here are no more objective than the morphological 
ones, especially those obtained from IMDFN (admittedly, the 
network of comparisons with some of the antisera were in­
complete; see also comments to Table 18 under RESULTS). In 
addition, MCM believes that the maximum parsimony programs, 
both GMPM and PAUP, employed to analyze the data can not do
thorough "global branch-swapping" within the limited time
for each run; the algorithms for these programs are based on 
simplified assumptions and reversals should not be min­
imized, perhaps. With regards to rates of evolutions, MCM 
noted that since new material is being continuously dis­
covered and the earliest fossil record for Eutheria is being 
"pushed" back in time, the calculated rates will change (see
detailed note to Table 30).
The Class Mammalia
Among the important contributors to mammalian sys- 
tematics and classifications are listed in Table 58. The
T a b l e  58. S e l e c t e d  c o n t r i b u t o r s  to m a m m a l i a n  s y s t e m a t i c s .
MORPHOLOGICAL MOLECULAR
Pre-Linnaean Ray, J . (1693)(1)
Linnaean Linnaeus, C. (1758)
Post-Linnaean Blainville, H. M. De (1834)
Gregory, W. K. (1910) Nuttall, G. H. F. (1904 )
Simpson, G. G. (1945) Goodman, M. (1960’s)
McKenna, M. (1975) Sarich, V. M. (1960’s)
Szalay, F. S. (1977) Beintema, J. J. (1970’s)
Novacek, M. J. (1982) de Jong, W. W. (1970’s)
1. Year following author(s) implies important publication and/or continuous contribution 
during lifetime.
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tripartite division of the class Mammalia (see Fig. 1) is 
corroborated by the molecular and morphological evidence. 
Results presented here show that the "bushy" part at the 
root of Eutheria, initially comprised of 24 branches (orders 
and taxa), may be condensed into five major branches, 
(clades A-E in Figs. 32 and 34), one of which includes most 
paenungulate taxa (clade B). Thus, a major objective of 
this study, to shed light on the "bushy" part of Eutheria, 
has been accomplished. It is of considerable interest to 
mammalian taxonomists that the relationships depicted in 
Fig. 32 are based on non-dental morphological characters 
which are corroborated mostly by dental evidence from other 
workers e.g., Simpson (1945, in part) and McKenna (1975). 
Additionally, two sets of outgroups were employed to study 
relationships within Eutheria: (1) in the first outgroup
those shown in Fig. 32 (Reptilia, Cynodontia, Monotremata, 
and Marsupialia), and (2) in the second outgroup, only 
Edentata (nine species). Results were very similar and, 
therefore, only one cladogram is shown in Fig. 32.
Some of the relationships within clades A-E in Fig. 32 
are also corroborated by the results from IMDFN (Figs. 26- 
27) and from amino acid sequences (Miyamoto and Goodman, 
1986); pertinent hypotheses are tested as shown in Table 34. 
Independent corroboration of certain relationships depicted 
in Fig. 32 was presented by Novacek and Wyss (1985). Other 
workers (e.g., Gregory, 1910; Simpson, 1945; McKenna, 1975, 
pers. comm.) also support some of the relationships
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presented here. The depiction of clades B and C in Fig. 32 
as separate could be a manifestation of the possible origins 
from different parental stocks as was demonstrated by the 
heterogeneity of condylarth families (see Section C.3.3. 
under DISCUSSION in Volume I).
Tables 59 and 60 summarize comparisons of relationships 
and rates of evolution within Eutheria. Relationships be­
tween Cetacea and Ungulata were discussed by Shoshani et 
al. (1985a). Table 59 shows a considerable correspondence 
between amino acid sequence, IMDFN, and osteological 
relationships. The disagreements include relationships be­
tween Edentata-Pholidota (osteology), Pholidota-Carnivora 
(molecular), Tubulidentata-Paenungulata (molecular), and 
Tubulidentata-Ungulata (osteology).
The similarities of evolutionary rates between the two 
studies are evident (Table 60). In both, we note a burst of 
acceleration at the base of Eutheria towards the ancestors 
of eutherian orders (No. 5 in Fig. 92). This acceleration is 
followed by an uneven deceleration within the orders them­
selves during the Tertiary. An explanation for this pattern 
(Goodman, 1981) is that the rapid rate of evolution during 
the end of the Cretaceous period was produced in response to 
selective pressures for adaptation to the newly available 
niches vacated by the most recent extinctions. Once adap­
tive radiation took place, selection for preservation and 
improvement of traits followed and resulted in decelerated 
evolutionary rates.
T a b l e  59. C o m p a r i s o n s  of r e l a t i o n s h i p s  w i t h i n  E u t h e r i a .  ( 2 )
EVOLUTIONARY RELATIONS/TAXON AMINO ACIDS OSTEOLOGICAL
Edentata: At the root of tree 
Paenungulata: Proboscidea, Sirenia
Yes (N) (*) Yes, with Pholidota (3)
and Hyracoidea group together Yes (Y) Includes Desmostylia (4)
Tubulidentata: Close to... Paenungulata (Y) (*) Ungulata (*)
Paenungulata and Ungulata: Separated Yes (Y) (7) Yes
Cetacea: Close to condylarth derivatives Yes, with Ungulata (Y) Yes, with Paenungulata
Archonta-Carnivora: Close to each other Yes, overall (Y) Yes, overall
Rodentia: Close to Lagomorpha Yes, overall (N) Yes, and to Macroscelidea
Footnotes to Table 59
1. Amino acid sequence results after Miyamoto and Goodman (1986).
2. (N) = Not corroborated by the immunodiffusion (IMDFN) study.
(Y) = Is corroborated by the IMDFN study.
3. Pholidota with Carnivora in molecular studies.
4. See Domning et al. (1986) for differences in relationships.
5. Not in the myoglobin study of Dene et al. (1983).
6. Perissodactyla and Artiodactyla.
7. Not in alpha and beta hemoglobin study of Shoshani et al. (1985a). 482
T a b l e  60. C o m p a r i s o n  of e v o l u t i o n a r y  r a t e s  w i t h i n  E u t h e r i a .
EVOLUTIONARY PERIOD/TAXON AMINO ACID OSTEOLOGICAL
OVERALL: Uneven rates Yes Yes
ORDINAL LEVEL
Eutheria ancestor to ancestors of eutherian
orders Acceleration Acceleration (*)
Ancestor of eutherian orders to the present Deceleration Deceleration
1. Except for Edentata in which the rates are reversed, see Table 35B. 
See also note to Table 30.
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Acceleration-Deceleration Pattern in Rates of Protein Evolution in the Descent 
to Man During the Course of Seven Adaptive Radiations
(A Selectionists View Goodman, 1976)
FAST
1 BASAL EUKARYOTIC
2 BASAL METAZOA
3 BASAL VERTEBRATE
4 BASAL TETRAPOO
5 BASAL EUTHERIA
6 BASAL CATARRHINE 
7. BASAL HOMININE
 I I I I I i i i I i ._l______ I_____I_____ I____ I
1500 1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200 100 0
Million Years Before Present (MyBP)
Figure 92. Goodman's (1983) summary of a selectionist view 
of the acceleration-deceleration pattern in rates of protein 
evolution. Calculated rates for molecular and morphological 
data examined in this study encompass and corroborate the 
patterns shown at points 3-7 on the graph. Points 6-7 can 
be substituted to include taxonomic categories within other 
eutherian orders, e.g., Rodentia and Proboscidea [cf. Tables 
30-32, 35, and 60; and Sections B (under DISCUSSION in
Volume I) and A.4 (under DISCUSSION in Volume II) for 
details].
485
Probably the best examples of "burst of acceleration in 
rates at the base of Eutheria" are those of the orders 
Cetacea and Sirenia. If the hypothesis that all mammals 
evolved from insectivoran terrestrial mammals which them­
selves are believed to have evolved from a marine stock 
(through fish, amphibians and reptiles, e.g., Romer, 1966; 
Colbert, 1982) is correct, then we have witnessed a reversal 
in a time span of about 20-30 million years [or more than 30 
ma if eutherian origin proves to date further back in the 
geological record; whatever the time span is between origin 
of Eutheria to the origins of Cetacea and Sirenia]. By the 
end of the Paleocene through the beginning of the Eocene 
(about 10 million years difference), aquatic habitats of 
Cetacea and Sirenia (and possibly Moeritherium. a probos­
cidean) were probably established (Barnes and Mitchell, 
1978; Domning, 1978b; Gingerich et al., 1983; Domning et 
al., 1986).
I conclude that there are more similarities than dis­
similarities between morphological and molecular data sets 
and, as demonstrated in Table 59 (relationships within 
Eutheria) and Table 60 (rates of evolution) and that both 
approaches complement each other (Table 44).
I predict that, as additional data will be analyzed in 
the future, and perhaps new fossil material belonging to 
Pholidota and Edentata would be discovered, the trichotomy 
at branch point e on Fig. 32 will be resolved in favor of 
Pholidota joining other eutherian taxa, leaving Edentata as
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the earliest offshoot of Eutheria. I also predict that with 
the incorporation of all the available evidence, mor­
phological (dental and non-dental) and molecular, that con­
dylarth derivatives, clades B and C on Fig. 32, would unite.
The superorder Paenungulata (of Simpson, 1945) or the 
mirorder Tethytheria (of McKenna, 1975 and pers. comm.).
The three extant paenungulate orders (Proboscidea, 
Sirenia, and Hyracoidea) and the protungulate (Tubuliden- 
tata) have sharply contrasting external appearances. 
Elephants (Loxodonta africana and Elephas maximus, order 
Proboscidea) are the largest terrestrial mammals. Hyraxes 
or conies (e.g., Procavia capensis, order Hyracoidea) are 
rabbit-like in size. Manatees and dugongs or sea cows 
(e.g., Trichechus manatus, order Sirenia) are the size of a 
small dolphin and strictly aquatic. The aardvark or ant- 
bear (Orycteropus afer, order Tubulidentata) appears as a 
cross between a pig and an ant-bear and is adapted to semi- 
fossorial life. Clearly, from any superficial examination 
of this bizarre assemblage of mammals, there would be no 
reason to suspect that they belong together to a 
monophyletic group within Eutheria.
Table 1 summarized all (or almost all ) the available 
literature on the phylogenetic relationships among the ex­
tant PAEN and its relationships to other mammalian taxa, 
beginning with Linnaeus (1758) to the present. With a few 
exceptions, the overall trend is to unite Proboscidea, 
Sirenia, Desmostylia, and Hyracoidea as a monophyletic taxon
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(see summary to Table 1, Note No. 75 to that table). The 
exceptions are the relationships of Hyracoidea to Peris- 
sodactyla rather than to Proboscidea and Sirenia. The 
phylogenetic position of Tubulidentata as determined by all 
the molecular studies, (IMDFN and AASEQ) except myoglobin, 
is with the PAEN, while all but one morphological study 
placed Tubulidentata with either condylarth derivatives 
(excluding PAEN) or with Ungulata (Artiodactyla and Peris- 
sodactyla). The exception is the work of Clark and Sonntag 
(1926:484) who concluded: "Having arisen from Condylarthra, 
the Tubulidentata evolved along Ungulate lines in general 
and along the line of Hyracoidea and Proboscidea in par­
ticular ."
In this connection, it is noted that a theme was 
developed in the summary to Volume I. This theme concludes 
that the seemingly incongruent findings from molecular and 
morphological data with respect to the relationships of 
Tubulidentata are, on balance, in vague agreement with each 
other.
The family Elephantidae
Unlike the findings on the inter-ordinal relationships 
among mammals (in which the molecular and the morphological 
results for the PAEN are congruent), the intra-ordinal, or 
more specifically, the intra-familial relationships among 
elephant id genera based on morphological and molecular 
results are incongruent. Based on morphological data, among 
the Elephantidae Mammuthus and Elephas are more closely re­
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lated to each other than either is to Loxodonta; Gom- 
photherium (Gomphotheriidae) and Mammut (Mammutidae) were 
employed as outgroups. These findings are in agreement with 
the classical dental-based hypothesis of Aguirre (1969) and 
Maglio (1973). Immunochemical results, on the other hand, 
do not resolve the phylogenetic relationships among Mam­
muthus . Elephas and Loxodonta; it is not possible to deter­
mine which of these genera share closest affinity. It was 
possible, however, to establish for the first time that 
Mammut americanum shares closer antigenic similarities with 
Elephantidae genera than with other mammals tested.
This discordance between morphological and molecular 
evolutionary relationships within the Elephantidae may be 
explained in two ways. The differences we observed are the 
"true story", for the morphological characters display fast 
rate while the molecular characters display slow rate of 
evolution. A literature search reveals that such a 
phenomenon was demonstrated among Gorilla, Pan and Homo 
(Cherry et al., 1978; Goodman, 1985), and among Ailuropoda 
melanoleuca, ursid and procyonid species (O'Brien et al., 
1985). It is of particular interest that the divergence 
time of the three homonid genera is approximately the same 
as that of the three elephantid genera (about 5 mybp). It 
is also of interest that the proteins on which the im­
munological study was conducted within the Elephantidae were 
albumin and collagen, both of which are known to be conser­
vative molecules (Goodman et al., 1982; Eyre, 1980). Thus,
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it appears, at least on the available information, that 
molecular evolution was slow during the last 5 million 
years.
Alternatively, the reason it was not possible to 
demonstrate relationships within the Elephantidae on an im­
munochemical basis is because the proteins found in the 
three woolly mammoths (Mammuthus primiqenius), namely col­
lagen and albumin, were denatured. This hypothesis was 
confirmed by affinity chromatography (albumin-like fractions 
were found in the non-albumin solution and were detected 
immunologically) and by polyacrylamide gel analysis (dif­
fused and unclear instead of well delineated bands of col- 
lagens were observed). Tables 46-51 and Figs. 59-64 sum­
marize these findings (see also Goodman et al., 1980; Prager 
et al., 1980; Shoshani et al.., 1981, 1985b, 1985c).
Results based on non-dental osteological characters 
proved to be meaningful not only in phylogenetic investiga­
tions (Figs. 79-80, 91) but also as useful tools in iden­
tifying unknown bones in the field and museum collections 
(see under DISCUSSION, and Figs. 73-78).
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II. FUTURE INVESTIGATIONS
Listed below are some thoughts/suggestions that came to 
mind on pertinent research to be conducted in the future. 
It is hoped that these suggestions might be useful to future 
investigators, including myself.
A. MOLECULAR INVESTIGATIONS
1. Immunology
a. Make chicken antisera to heterologous species in 
Figs. 23-26, most importantly to representatives of (listed 
in order of priority as the author perceives it): 
Tubulidentata whole serum, Edentata, Soricomorpha and 
Erinaceomorpha, Rodentia whole serum, Macroscelidea, Mar- 
supialia, Monotremata, and representatives of the remaining 
heterologous taxa (or homologous taxa to which only anti­
albumin antisera were made) in Figs. 23-26.
b. Complete the IEF study.
c. Perform serological experiments on other extinct 
proboscideans, especially Gomphotheriurn, as was conducted on 
Mammut.
d. Conduct IMDFN and/or RIA studies to include tissues of 
the only known hybrid individual between Loxodonta africana 
and Elephas maximus, "Motty" (see Howard, 1979).
2. Amino acid sequences
a. Obtain additional sequences, most preferably (in view 
of this author), of alpha and beta hemoglobin sequences of 
Orycteropus afer.
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B. OSTEOLOGICAL INVESTIGATIONS
1. Mammalia: Attempt to answer the many questions raised 
regarding the phylogenetic relationships within Eutheria, 
see especially under Equally parsimonious solutions (Section
C.l.1.2.) and when discussing the differences between the 
results obtained from osteological vis-a-vis molecular 
analyses (Table 44). Complete collecting data on the 
presence or absence of certain bone elements, e.g., centrale 
(in the manus), clavicle, and baculum. A complete list of 
species possessing os penis would be helpful in taxonomic 
studies. As per the specimens examined, the literature 
consulted (see list at the end of Appendix L), and the in­
formation provided by Bruce D. Patterson (of the FMNH), 
bacula are found in species of the following mammalian or­
ders: Dermoptera, Chiroptera, Primates, Carnivora, and
Rodentia [see Appendix L, Folder 3, column 89 (16th column
from the left) for list of species possessing bacula].
2. Proboscidea: Complete the data in Table 52.
3. Rodentia: Re-examine and re-evaluate the foramina 
characters [since 1984, when the author presented the data
in Paris, (see Shoshani, 1985a) the number of foramina
(
characters was reduced], and include in the analysis other 
non-dental characters as was done for the rest of the taxa 
studied. If possible, examine specimens of Seleviniidae 
(the family of rodents found in the Soviet Union), since 
this is the only family not represented in this study (as 
per listing in Honacki et al., 1982).
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Appendix A. An abridged classification of the class
Mammalia (after Gregory, 1910).
Class Mammalia 
?Subclass Promammalia (+) (l)
Order Protodonta (+)
Subclass Prototheria 
Order Monotremata 
Subclass Theria 
Infraclass Metatheria 
Order Triconodonta (+)
?Order Trituberculata (+)
Order Marsupialia 
Infraclass Eutheria (see Note 2 below)
Superorder Therictoidea 
Order Insectivora 
Suborder Lipotyphla
Section ____ : Pantolestidae
Section Zalambdodonta: Centetidae, Potamogalidae, 
Solenodontidae, Necrolestidae (+), 
Chrysochloridae,
Section Erinaceomorpha: Leptictidae (*), 
Erinaceidae, Dimylidae (*)
Section Soricomorpha: Soricidae, Talpidae
Suborder . (Fam. Hyopsodontidae (4))
Order Ferae 
Suborder Creodonta (+)
Suborder Fissipedia 
Suborder Pinnipedia 
Superorder Archonta 
Order Menotyphla
Includes: Tupaiidae, Macroscelididae 
Order Dermoptera 
Order Chiroptera 
Order Primates 
Superorder Rodentia 
Order Glires 
Suborder Duplicidentata (= Lagomorpha)
Suborder Simplicidentata (= Rodentia)
?Superorder Edentata 
?Order Taeniodonta (+)
?Order Tubulidentata 
?Order Pholidota 
Order Xenarthra
Includes: Pilosa, Loricata 
Superorder Paraxonia 
Order Artiodactyla 
Suborder Non-Ruminantia
Includes: Trigonolestidae, Dichobunidae, 
Anthracotheriidae (*),
Hippopotamidae, Achaenodontidae (*), 
Entelodontidae (+), Dicotylidae, Suidae
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A p p e n d i x  A  ( c o n t i n u e d )
Suborder Ruminantia
Includes: Camelidae, Oreodontidae (*), 
Anoplotheriidae (*), Hypertragulidae(+), 
Tragulidae, Cervidae, Merycodontidae (*),
Antilocapridae, Giraffidae, Bovidae 
Superorder Ungulata 
Order Protungulata (*)
Suborder Taligrada
Includes: Periptychidae, Pantolambdidae 
Suborder Condylarthra
Includes: Meniscotheriidae, Phenacodontidae 
Order Amblypoda (*)
Includes: Coryphodontidae, Uintatheriidae 
Order Barytheria (*)
Order Sirenia 
Order Proboscidea 
Order Hyraces 
Order Embrithopoda (*)
Order Notoungulata (*)
Suborder Homalodotheria 
Suborder Astrapotheria 
Suborder Toxodontia 
?Suborder Pyrotheria 
Suborder Litopterna 
Order Mesaxonia 
Suborder Perissodactyla 
Suborder Ancylopoda 
Superorder Cetacea 
Order Zeuglodontia (*)
Order Odontoceti 
Order Mystacoceti
Footnotes to Appendix A.
1. "?" As used by Gregory (1910) in the original 
sification.
(+) = Extinct taxon
clas-
2. Note: The infraclass Eutheria according to Gregory
(1910) is divided into seven superorders with a total of 
24 orders, 4 of which are extinct [cf. Table 42],
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Appendix B. An abridged classification of the class
Mammalia (after Simpson, 1945).
Class Mammalia 
Subclass Prototheria 
Order Monotremata 
Subclass Allotheria (x) (*)
Order Multituberculata (*)
Mammalia of Uncertain Subclass 
Order Triconodonta (*)
Subclass Theria 
Infraclass Pantotheria (+)
Order Pantotheria (*)
Order Symmetrodonta (+)
Infraclass Metatheria 
Order Marsupialia 
Infraclass Eutheria (see Note 2 below)
Cohort Unguiculata
Order Insectivora (including Macroscelidoidea)
Order Dermoptera 
Order Chiroptera
Order Primates (including Tupaioidea)
Order Tillodontia (*)
Order Taeniodonta (*)
Order Edentata 
Order Pholidota 
Cohort Glires
Order Lagomorpha 
Order Rodentia 
Suborder Sciuromorpha
Superfamilies: Aplodontoidea, Sciuroidea, 
Geomyoidea, Castoroidea 
?Sciuromorpha incertae sedis 
Superfamily: Anomaluroidea
(Anomaluridae and Pedetidae) 
Suborder Myomorpha
Superfamilies: Muroidea, Gliroidea, Dipodoidea 
Suborder Hystricomorpha
Superfamilies: Hystricoidea, Erethizontoidea, 
Cavioidea, Chinchilloidea, 
Octodontoidea 
THystricomorpha incertae sedis 
Superfamily: Bathyergoidea 
?Hystricomorpha or Myomorpha incertae sedis 
Superfamily: Ctenodactyloidea 
Cohort Mutica 
Order Cetacea 
Cohort Ferungulata 
Superorder Ferae 
Order Carnivora 
Suborder Creodonta (+)
Suborder Fissipeda
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A p p e n d i x  B ( c o n t i n u e d )
Suborder Pinnipedia 
Superorder Protungulata 
Order Condylarthra (+)
Order Litopterna (*)
Order Notoungulata (+)
Order Astrapotheria (+)
Order Tubulidentata 
Superorder Paenungulata (see Note 3 below)
Order Pantodonta (+)
Order Dinocerata (+)
Order Pyrotheria (*)
Order Proboscidea (4)
Suborder Moeritherioidea (+)
Family Moeritheriidae: Moeritherium 
Suborder Elephantoidea
Family Gomphotheriidae ( + ), e.g., Palaeomastodon, 
Gomphotherium, Serridentinus 
Family Mammutidae (*): Mammut 
Family Elephantidae, e.g., Loxodonta,
Mammuthus (+), Elephas 
Suborder Deinotherioidea (TT
Family Deinotheriidae: Deinotherium 
Suborder Barytherioidea (+1
Family Barytheriidae: Barytherium 
Order Embrithopoda { * )
Order Hyracoidea 
Order Sirenia 
Suborder Trichechiformes 
Suborder Desmostyliformes (*)
Superorder Mesaxonia 
Order Perissodactyla 
Suborder Hippomorpha 
Superfamily Eguoidea 
Superfamily Brontotherioidea (*)
Superfamily Chalicotherioidea (+)
Suborder Ceratomorpha 
Superfamily Tapiroidea 
Superfamily Rhinocerotoidea 
Superorder Paraxonia 
Order Artiodactyla 
Suborder Suiformes 
Infraorder Palaeodonta {*)
Infraorder Suina 
Infraorder Ancodonta 
Superfamily Anthracotherioidea 
Infraorder Oreodonta (*)
Suborder Tylopoda 
Suborder Ruminantia 
Infraorder Tragulina 
Superfamily Traguloidea 
Infraorder Pecora
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A p p e n d i x  B ( c o n t i n u e d )
Superfamily Cervoidea 
Superfamily Giraffoidea 
Superfamily Bovoidea
Footnotes to Appendix B.
1. (+) = Extinct taxon
2. Note: The infraclass Eutheria according to Simpson
(1945) is divided into four cohorts with a total of 26 
orders, 10 of which are extinct [cf. Table 42].
3. See Section D ("DISCUSSION ON CLASSIFICATION" under DIS­
CUSSION in Volume I) for this author's views on the 
classification of Paenungulata and Tethytheria.
4. Included in this order is a listing of genera examined in 
this study.
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Appendix C. Correspondence with the late George Gaylord 
Simpson
Department of Biology 
Wayne State University 
Detroit, Michigan 48202
March 26, 1979
Dr. George Gaylord Simpson 
Simroe Foundation 
5151 E. Holmes Street 
Tucson, Arizona 85711
Dear Dr. Simpson:
Your address was given to me by Kenneth Rose of the 
University of Michigan.
Included are some abstracts regarding the Paenungulata. 
We are preparing a paper for publication and would very much 
like to have your opinion about "the aardvark, Orycteropus 
afer as a fourth member of the Paenungulata."
Regards from Morris Goodman.
Sincerely yours,
Jeheskel Shoshani
JS/yj1 
Enclosures
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Appendix C. (continued)
The Simroe Foundation 
5151 East Holmes Street 
Tucson, Arizona 85711
2 April 1979
Mr, Jeheskel Shoshani 
Dept, of Biology 
Wayne State University 
Detroit, Mich. 48202
Dear Mr. Shoshani:
I am replying to your letter of 26 March 1979.
I am convinced that the Paenungulata are not
monophyletic as Hennig defines that term. Although I hold 
that Hennig1s definition of monophyly is unacceptable in 
classification (not in phylogeny), I also do not now think 
that the Paenungulata are an acceptable taxon in clas- 
sif ication.
As for the Tubulidentata, their derived characters all 
seem to be related to their food and to fossorial habits. 
Both of these are entirely different from those of any other 
ungulates. On the other hand, almost all the other charac­
ters of this group are those of primitive ungulates. They 
are what Hennig calls "symplesiomorphies." Of course it is 
ridiculous to say, as some Hennigians do, that
"symplesiomorphies" have nothing to do with the
relationships or classification of organisms. In this case 
they indicate that the Tubulidentata belong in the Ungulata. 
However within that superorder (I do not now unite it in a 
cohort with the Ferae) they evidently evolved quite
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separately from a condylarth ancestry. I think that their 
resemblances with the Proboscidea and Sirenia, including the 
immunodiffusion resemblances, are much more likely to be 
"symplesiomorphies" than "synapomorphies," in the jargon 
that you use. It seems to me that a problem with im­
munodiffusion evidence is that you cannot test ancestral 
forms, such as Condylarthra, and thus cannot really tell 
"synapomorphies" from "symplesiomorphies."
I trust that you have studied Patterson's paper in the 
Bulletin of the Museum of Comparative Zoology, Vol. 147, 
pp. 185-237, and his citations.
Sincerely,
GGS/cny
George Gaylord Simpson
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Appendix D. An abridged classification of the class Mammalia
(after McKenna, 1 9 7 5  and pers. comm., 19 8 5 )  ( M
Class Mammalia 
Subclass Prototheria
Infraclass Eotheria ( * )
Order Triconodonta 
Order Docodonta 
Infraclass Ornithodelphia 
Order Monotremata 
Subclass Allotheria ( M
Order Multituberculata (*)
Subclass Theria 
Superlegion Kuehneotheria (+)
Superlegion Trechnotheria 
Legion Symmetrodonta (+)
Legion Cladotheria 
Sublegion Dryolestoidea (*)
Sublegion Zatheria 
Infraclass Peramura (*)
Infraclass Tribosphenida 
Supercohort Marsupialia 
Supercohort Eutheria (see Note 2 below)
Cohort Edentata
Order Xenarthra 
Suborder Cingulata 
Suborder Pilosa 
Cohort Epitheria 
Magnorder Ernotheria 
Superorder Kennalestida (+)
Superorder Leptictida 
Grandorder Ictopsia (*)
Grandorder Anagalida 
Order Macroscelidea 
Order Lagomorpha 
Order Rodentia 
Magnorder Preptotheria 
Superorder Deltatheridia {*)
Superorder Tokotheria 
Grandorder Ferae
Order Cimolesta (*)
Suborder Didelphodonta 
Suborder Tillodontia 
Suborder Pantodonta 
Suborder Pantolesta 
Suborder Apatotheria 
Suborder Taeniodonta 
Order Pholidota 
Order Creodonta (*)
Order Carnivora 
Grandorder Insectivora 
Order Erinaceomorpha
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A p p e n d i x  D  ( c o n t i n u e d )
(see Note 3 below)
C)
Order Soricomorpha 
Grandorder Archonta 
Order Scandentia 
Order Dermoptera 
Order Chiroptera 
Order Primates 
Grandorder Ungulata 
Mirorder Eparctocyona 
Order Arctocyonia (+)
Order Tubulidentata 
Order Artiodactyla 
Mirorder Cete 
Order Acreodi (+)
Order Cetacea 
Mirorder Meridiungulata 
Order Litopterna 
Order Astrapotheria 
Order Notoungulata 
Mirorder Phenacodonta 
Order Condylarthra (+)
Order Perissodactyla 
Suborder Hippomorpha 
Suborder Ancylopoda 
Suborder Ceratomorpha 
Mirorder Dinocerea { * )
Order Xenungulata (*)
Order Dinocertata (*)
Order Pyrotheria (+)
Mirorder Tethytheria 
Order Hyracoidea 
Order Embrithopoda (+)
Order Proboscidea 
Suborder Moeritherioidea (+) 
Suborder Barytherioidea (*) 
Suborder Deinotherioidea (+) 
Suborder Elephantoidea 
Order Desmostylia (*)
Order Sirenia (see Note 8 below)
(see
(s?e
(see
(see 
(see
Note
Note
Note
Note
Note
below)
below)
below)
below)
below)
Footnotes to Appendix D.
1. Included here are taxa that are of particular interest to 
this study or those that are included in Simpson's clas­
sification (Appendix B) for easy comparison. See text 
for discussion. (+) = extinct.
2. Note: The supercohort Eutheria according to McKenna (1975 
and pers. comm.) is divided into two cohorts (Edentata 
and Epitheria) and the Epitheria is subdivided into two 
magnorders; a total of 32 orders are included in 
Eutheria, 13 of which are extinct [cf. Table 42],
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A p p e n d i x  D  ( c o n t i n u e d )
3. Ungulata incertae sedis as of May 1986 (McKenna, pers. 
comm.).
4. Meridiungulata as of May 1986 (McKenna, pers. comm.).
5. Epitheria incertae sedis as of May 1986 (McKenna, pers. 
comm.). Note that there are a few other incertae sedis 
taxa, but only those that are directly pertinent to this 
study are mentioned here. (*)
6. See Section D ("DISCUSSION ON CLASSIFICATION" under DIS­
CUSSION in Volume I) for this author's views on the 
classification of Paenungulata and Tethytheria.
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Appendix E. An abridged classification of the class
Mammalia (after Honacki et al., 1982) (*)
Class Mammalia 
Order Monotremata (2) (*)
Order Marsupialia (16)
Order Edentata(=Xenarthra) (5) ( 3 )
Order Insectivora (7)
Order Scandentia (1)
Order Dermoptera (1)
Order Chiroptera (17)
Order Primates (14)
Order Carnivora including Pinnipedia (12) 
Order Cetacea (9)
Order Sirenia 
Family Dugongidae 
Family Trichechidae 
Order Proboscidea 
Family Elephantidae 
Order Perissodactyla 
Family Equidae 
Family Tapiridae 
Family Rhinocerotidae 
Order Hyracoidea 
Family Procaviidae 
Order Tubulidentata 
Family Orycteropodidae 
Order Artiodactyla (8)
Order Pholidota (1)
Order Rodentia (35)
Order Lagomorpha (2)
Order Macroscelidea (1)
Footnotes to Appendix E.
1. Only Recent taxa are included.
2. Numbers in parentheses refer to numbers of families in 
that order; otherwise, family(ies) are listed.
3. A total of 18 eutherian orders are included [cf. Table 
42],
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Appendix F. A summary of vertebrate taxa and number of 
species/OTUs examined or compared in this study. t
MOLECULAR MORPHOLOGICAL
TAXON Immunodi f- 
fusion 2
Amino acid 
sequencing j Osteology 4
CHONDRICHTHYES
(Elasmobranchi i) — 1 ( 1) —
OSTEICHTHYES
(Teleostei) — 2 { 1) —
AMPHIBIA — 1 { 1) —
REPTILIA — 3 { 3) 1 ( 5)
CYNODONTIA — — 1 { 4)
AVES — 14 { 8) —  { )
MAMMALIA
Monotremata 1 2 { 2) 2 { 3)
Marsupialia 2 2 { 2) 2 { 7)
EUTHERIA
Edentata 1 1 < 1) 7 (11)
Solenodont idae - - < — ) 1 { 1)
Tenrecidae 2 - < — ) —  { 2)
Chrysochloridae - - < — ) 1 { 1)
Erinaceidae 1 1 ( 1) 1 ( 1)
Soricidae 2 1 { 1) --( 2)
Talpidae - 1 ( 1) 1 ( 2)
Scandentia 2 1 ( 1) 1 ( 3)
Dermoptera 1 - ( — ) 1 ( 1)
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A p p e n d i x  F  ( c o n t i n u e d )
TAXON
MOLECULAR MORPHOLOGICAL
Immunodif­
fusion 2
Amino acid 
sequencing, Osteology 4
Chiroptera 2 1 ( 1) 2 ( 7)
Primates 29 21 (21) 18 (19)
Carnivora 18 10 ( 8) 6 (30)
Arctocyonia — -  (-) 1 ( 1)
Acreodi — -  <-) 1 ( 1)
Condylarthra — -  (-) 1 ( 5)
Notoungulata — -  (-) 1 ( 2)
Pantodonta — -  (-) 1 ( 3)
Dinocerata — -  (-) 1 ( 1)
Embrithopoda — -  <-) 1 ( 1)
Cetacea 1 1 ( 4) 3 ( 7)
Sirenia 2 —  ( 1) 3 ( 7)
Desmostylia - -  (-) 1 ( 3)
Proboscidea ( 2 ) 4 1 ( 2) 5 (11)
Per issodactyla 3 5 ( 4) 7 (11)
Hyracoidea 1 1 ( 1) 1 ( 4)
Tubulidentata 1 —  ( 1) 1 ( 2)
Art iodactyla 13 7 (14) 6 (17)
Pholidota 1 —  ( 1) 1 ( 3)
Rodentia 8 5 ( 7) 16 (54)
Lagomorpha 3 1 ( 2) 2 ( 7)
Macroscelidea 5 - ( - ) 2 ( 5)
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A p p e n d i x  F ( c o n t i n u e d )
MOLECULAR MORPHOLOGICAL
TAXON Immunodif­ Amino acid
fusion a sequencinga Osteology 4
TOTALS 103 , 83 (90) 100 (244)
Footnotes to Appendix F
1. Listing of vertebrate classes after Romer (1966), 
of extant orders and families within the class 
Mammalia after Honacki et al. (1982), and of ex­
tinct eutherian orders after Simpson (1945) and 
McKenna (1975 and pers. comm., 1986). Compare this 
listing to that which given in Appendix L.
2. Includes two extinct species: Mammuthus primi^enius 
(Elephantidae) and Mammut americanum (Mammutidae). 
These two extinct species were not included in the 
IMDFN analyses for the Paenungulata study but only 
within the Proboscidea, thus the 101 species men­
tioned in the text.
3. In this amino acid sequencing column, numbers out­
side parentheses refer to the number of species 
studied by Shoshani et al. (1985a), while numbers
inside parentheses pertain to the number of OTUs
(operational taxonomic units; the number of species 
is more than 90) studied by Miyamoto and Goodman 
(1986).
4. In this morphological column, numbers outside
parentheses refer to the number of species analyzed 
by PAUP computer program, while numbers inside 
parentheses pertain to the total number of species 
examined. For example, for Dermoptera, the number 
of species (1) incorporated in the computer 
analysis and the total number of species (1) ex­
amined are the same, but for Rodentia these numbers
are different (16 and 54, respectively); cf. Ap­
pendix L for complete listing of genera studied.
Appendix G. Mammalian species employed in the immunochemical parts of this study, 
type of tissues used, and the sources of these tissues. (*) and {*)
TAXON
TISSUE
TYPE
SOURCE 
OF TISSUESCIENTIFIC NAME COMMON NAME
MONOTREMATA
Tachyqlossus setosus Tasmanian Echidna Blood FTL
MARSUPIALIA
Didelphis virginiana 
Macropus rufus
North American Opossum 
Red Kangaroo
Blood
Blood
FTL, and collected 
on a local farm 
FTL
EDENTATA
Dasypus novemcinctus Nine-banded Armadillo
INSECTIVORA
TENRECIDAE
Echinops telfairi 
Tenrec ecaudatus
Echinops 
Tailless Tenrec
Blood
Blood
FTL
FTL
ERINACEIDAE
Erinaceus europaeus European Hedgehog Blood FTL
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A p p e n d i x  G  ( c o n t i n u e d )
TAXON
TISSUE
TYPE
SOURCE 
OF TISSUESCIENTIFIC NAME COMMON NAME
SORICIDAE
Blarina brevicauda 
Crocidura russula 
monacha
Short-tailed Shrew 
Common European 
White-toothed Shrew
Blood
Blood
FTL 
RZTAI (3)
SCANDENTIA (4)
Tupaia qlis 
Uroqale everetti
Common Tree-shrew 
Philippines Tree-shrew
Blood
Blood
FTL
FTL
DERMOPTERA
Cynocephalus volans Flying Lemur Blood FTL
CHIROPTERA
Eptesicus fuscus 
Leptonycteris nivalis
Big brown Bat 
Long-nosed Bat
Blood
Blood
FTL
FTL
PRIMATES (9)
Cheirogaleus major 
Lemur fulvus
Lepilemur septentrionalis 
Propithecus verreauxi
Greater Dwarf Lemur 
Brown Lemur 
Septentrionalis Lemur 
Verreaux's Sifaka
Blood
Blood
Blood
Blood
FTL
FTL
FTL
FTL 509
A p p e n d i x  G  ( c o n t i n u e d )
TAXON
TISSUE
TYPE
SOURCE 
OF TISSUESCIENTIFIC NAME COMMON NAME
Arctocebus calabarensis Angwantibo Blood FTL
Loris tardiqradus Slender Loris Blood SL-72 <‘)
Nycticebus caucanq Slow Loris Blood FTL
Perodicticus potto Potto Blood FTL
Otolemur crassicaudatus Thick-tailed Bushbaby Blood PCKK-78 (7)
Tarsius syrichta Philippine Tarsier Blood FTL
Saquinus oedipus Cotton-headed Tamarin Blood FTL
Aotus trivirqatus Douroucouli
or Owl Monkey
Blood FTL
Ateles sp. Spider Monkey Blood FTL
Callicebus sp. Titi Monkey Blood FTL
Cebus albifrons White-fronted Capuchin Blood FTL
Cebus apella Brown Capuchin Blood FTL
Chiropotes sp. Saki Monkey Blood FTL
Laqothrix sp. Woolly Monkey Blood FTL
Saimiri sciureus Common Squirrel Monkey Blood FTL
Cercocebus aterrimus Mangabey Monkey Blood FTL
Colobus polykomos Black-and-white Colobus Blood PCKK-78
Macaca Cuscata Japanese Macaque Blood FTL
Macaca nemestrina Pig-tailed Macaque Blood FTL
Papio sphinx 
Presbytis cristata
Mandrill Blood FTL
Silvered Leaf Monkey Blood FTL
Presbytis entellus Entellus Langur Blood SL-72
Theropithecus qelada Gelada Baboon Blood FTL
Hylobates Lar White-handed Gibbon Blood FTL
Hylobates moloch Grey Gibbon Blood FTL
Hylobates syndactylus Siamang Blood FTL
Gorilla qorilla Lowland Gorilla Blood M, FTL
A p p e n d i x  G  ( c o n t i n u e d )
TAXON
TISSUE
TYPE
SOURCE 
OF TISSUESCIENTIFIC NAME COMMON NAME
Pan paniscus Pygmy Chimpanzee Blood FTL
Pan troqlodytes Chimpanzee Blood FTL
Ponqo pyqmaeus Orangutan Blood FTL
Homo sapiens Man Bid,B,Ac(2) Bid from FTL and
CARNIVORA
Canis familiaris Domestic Dog
including Saluki 
Coyote
Bid,B,Ac
author's blood,
B from WSUSM (*)
FTL, RZTAI
Canis latrans Bld,M FTL
Canis lupus 
Lycaon pictus
Wolf blood FTL and RZTAI-78
African Hunting Dog blood RSA-78 (*)
Ursus arctos Grizzly or Brown Bear blood FTL
Nasua nasua Coatimundi blood FTL
Potos flavus Kinkajou blood FTL
Procyon lotor North American Raccoon blood FTL
Meles meles Common European Badger blood FTL
Mustela vison American Mink blood FTL
Herpestes ichneumon Egyptian Mongoose blood FTL
Munqos munqo Banded Mongoose blood RSA-78
Hyaena hyaena Striped Hyaena blood RZTAI, RSA-78
Ac inonyx jubatus Cheetah blood RSA-78
Felis catus Domestic Cat Bld,B Bid from FTL,
(=F. domesticus) 
Panthera leo kruqerii African Lion Bld,M
B from road killed 
RSA-78
Eumetopias jubatus
(Kruger National Park) 
Steller's Sea lion Blood FTL
A p p e n d i x  G  ( c o n t i n u e d )
TAXON
TISSUE
TYPE
SOURCE 
OF TISSUESCIENTIFIC NAME COMMON NAME
Zalophus californianus 
Phoca vitulina
California Sea lion 
Common Harbor Seal
Blood
Blood
FTL
FTL
CETACEA
Delphinapterus leucas White Whale Blood FTL
SIRENIA
Duqonq duqon 
Trichechus manatus
PROBOSCIDEA
Dugong
North American 
Manatee
Blood 
BldrM,B
HM (10)
Bid and M 
from USFWS,
B from WSUMNH i 1 1 )
Elephas maximus 
Loxodonta africana 
Mammuthus primiqenius 
Mammut americanum
Asian Elephant 
African Elephant 
Woolly Mammoth 
American Mastodon
Bid,M,B,Ap 
Bld,M,B,Ap 
Bld,M,B,Ap 
Bone
i 1 2 )
i 2 3 )
(14)
From "Elmer" (l*)
PERISSODACTYLA
Equus caballus 
Tapirus terrestris 
Ceratotherium simum
Domestic Horse 
South African Tapir 
Square-lipped or White 
Rhinoceros
BldrM,Ac
Blood
Blood
FTL and a farm (**) 
FTL and SDZP (17) 
FTL, SDZP, and RSA-78
H7RAC0IDEA
A p p e n d i x  G  ( c o n t i n u e d )
TAXON
TISSUE
TYPE
SOURCE 
OF TISSUESCIENTIFIC NAME COMMON NAME
Procavia capensis Rock Hyrax Bld,M,Ap RZTAI
TUBULIDENTATA
Orycteropus afer 
ARTIODACTYLA
Aardvark Bld,M,Ap Bid from 
TAZ-78- TT *), RSA-78. 
M form RSA-78
Babyrousa babyrussa (*’) 
Sus scrota
Hippopotamus amphibius
Camelus dromedarius 
Lama quanicoe 
(=Lama peruana) 
Odocoileus hemionus 
Addax nasomaculatus 
Ammotraqus lervia 
Antilope cervicapra 
Bos taurus
Oryx qazelle 
Ovis aries
Traqelaphus strepsiceros
Babirusa 
Domestic Pig 
Hippopotamus
Arabian Camel 
Peruvian Llama
Mule Deer 
Addax 
Aoudad 
Blackbuck 
Domestic Cow
Oryx
Domestic Sheep 
Greater Kudu
Blood 
Bid,Ac 
Bid ,M
Blood
Blood
Blood 
Blood 
Blood 
Blood 
Bid,B,Ac
Blood
Blood
Blood
FTL
FTL and butcher 
Bid from RSA-78.
M from FTL 
from "Salame" (20) 
DZP (ll)
FTL 
FTL 
FTL 
FTL 
Bid from FTL 
and butcher. B from 
a local farm T J 2) 
FTL 
FTL 
FTL
A p p e n d i x  G  ( c o n t i n u e d )
TAXON
TISSUE
TYPE
SOURCE 
OF TISSUESCIENTIFIC NAME COMMON NAME
PHOLIDOTA
Manis pentadactyla Chinese Pangolin Blood FTL
RODENTIA i 2 1 )
Cynomys sp.
Marmota monax 
Ratufa bicolor 
Tamias striatus 
Pedetes capensis
Peromyscus polionotus 
Mus musculus 
Rattus rattus 
Cavia porcellus 
Hydrochaeris hydrochaeris 
Octodon dequs 
Thryonomys swinderianus
Prairie Dog 
Woodchuck
Giant-bibbed Squirrel 
Eastern Chipmunk 
Springhaas
Oldfield Mouse 
House Mouse 
Roof Rat
Domestic Guinea Pig 
Capybara
South American Bush Rat 
West African Cane Rat
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Bid,Ac
Bid,Ac
Blood
Blood
Blood
FTL
FTL
FTL
FTL
Collected in Kenya, 
Summer 1978 
FTL 
FTL 
FTL 
FTL 
FTL 
NZP (*4)
FTL
LAGOMORPHA
Ochotona princeps 
Lepus europaeus 
Oryctolaqus cuniculus
American Pika 
European Hare 
Domestic Rabbit
Blood 
Blood 
Bid,Ac
MCM (“ )
RZTAI 
FTL and 
laboratory animals
A p p e n d i x  G  ( c o n t i n u e d )
TAXON
TISSUE
TYPE
SOURCE 
OF TISSUESCIENTIFIC NAME COMMON NAME
MACROSCELIDEA
Elephantulus brachyrhynchus Short-snouted Blood FTL
Elephantulus intufi 
Elephantulus myurus 
Petrodromus tetradactylus 
Rhynchocyon sp.
Elephant Shrew 
Bushveld Elephant Shrew 
Myurus Elephant Shrew 
Four-toed Elephant Shrew 
Checkered Elephant Shrew
Blood
Blood
Blood
Blood
FTL 
FTL 
NZP (2<) 
FTL
TOTAL 114 species
1. Listing of species follows that of Honacki et al. 1982. Bold faced taxa include
species that were grouped when running IMDFN and UWPGM (see text Section B.I.2.4.,
under METHODS).
2. Tissue types and their sources include:
A. Blood (Bid) - Whole serum and/or plasma,
B. Muscle (M) - Muscle homogenate or muscle supernate,
C. Bone (B) - Ground bone. See text for details of preparations on Bid, M,
and B,
D. Albumin-c (Ac) - Albumin obtained commercially,
E. Albumin-p (Ap) - Albumin purified at Dan Walz's laboratory, following procedures
of Travis and Pannell (1973) and Aslam et al. (1976),
F. Frozen Tissue Library (FTL) - see following note.
Note: Details are given to those tissues obtained since 1972 (the year in which the
515
author started collecting and/or initiated the collecting of these tissues). Tis­
sues collected prior to this date are listed collectively as "was/were available at 
our frozen tissue library (FTL)", that is, at Morris Goodman’s Laboratory, 4th 
floor Helene Vera Prentis Building, Wayne State University.
3. RZTAI= Research Zoo, Department of Zoology, Tel-Aviv University, Tel-Aviv, Israel, 
summers of 1976, 1978, and 1982. I thank R. Giron, S. Helwing, H. Mendelssohn, 
U. Merder, J. Segal and the rest of the staff at the Zoo for their help.
4. Blood Samples of Scandentia were used in Dene's studies (e.g., Dene et al., 1978).
5. Many of the Primates blood samples in our FTL were employed in Goodman's studies 
(e.g., Goodman and Moore, 1971).
6. SL-72 = Sri-Lanka (=Ceylon), 1972. The author thanks the staff at Dehiwala Zoo, 
Colombo (especially A. de Alwis) and the staff at the University of Peradeniya 
(especially T. A. Bongzo) for helping him collect blood samples.
7. PCKK-78 = Primates Center, Kilaguni, Kenya, summer 1978. I thank the Kenyan 
Government for providing me with the necessary permits, and James Else for helping 
with blood collecting.
8. WSUSM = Wayne State University, School of Medicine.
9. RSA-78 = Republic of South Africa, Summer 1978. I thank the staff at the Univer­
sity of Natal (at Durban and Pietermaritzburg, especially John Hanks and 
J. Meester) and at the Department of Nature and Conservation for helping me obtain 
tissue samples.
10. HM = Helene Marsh (Australia) through W. E. Rainey (California).
11. USFWS = U. S. Fish and Wildlife Service, Gainesville, Florida; also used blood 
received from V. M. Sarich (California); WSUMNH = Wayne State University Museum of 
Natural History.
12. Blood from FTL, SL-72, Ringling Brothers 6 Barnum and Bailey Circus (RBBBC, spe­
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cial thanks to Daniel C. Laughlin), and from private elephant owners (B. Steele, 
K. and L. French, and W. King). Muscle from RBBBC, University of California, 
Berkeley, California and "Iki" (see Shoshani et al., 1982). Bone from "Iki".
13. Blood from FTL, SWA/N-78 = South West Africa/Namibia, summer 1978. Muscle from 
National Museum of Natural History (NMNH), Anthropology Department, and RZTAI-78. 
Bone from University California, San Francisco (thanks to J. M. Lowenstein), and 
collected in Uganda by the author, December 1982.
14. Clotted blood and muscle from the USSR Academy of Sciences, Soviet Union (see Ap­
pendix I for details). Bone from a vertebra at the University of Michigan, Ann 
Arbor, Michigan, USA.
15. "Elmer" is the nickname for the Groleau-White Lake mastodon; see Dorr et al., 
1982.
16. Special thanks to Kenneth Morrison.
17. SDZP = San Diego Zoological Park, thanks to O. A. Ryder.
18. TAZ-78 = Tel-Aviv Zoo, Tel-Aviv, Israel, summer 1978.
19. Simpson (1945:146) spelled the common and scientific names as "Babirussa". The 
scientific name as given here is after Honacki et al. (1982:315), and the common 
name is after DeBlase and Martin (1981:267).
20. "Salame" is the author's she-camel in Kibbutz Afikim, Israel, summer 1978.
21. DZP = Detroit Zoological Park, Royal Oak, Michigan.
22. Bone collected thanks to Charles Nelson.
23. Many of the Rodentia blood samples were used in Hight's studies (e.g., Hight et 
al., 1974).
24. NZP = National Zoological Park, Washington, D.C. (summer 1977, thanks to J. F.
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25.
26.
Eisenberg).
MCM = collected by Malcolm C. McKenna, summer 1977. 
NZP (see No. 24), thanks to G. B. Rathbun.
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A p p e n d i x  Ha. Raw immunodiffusion data collected with chicken anttsera to whole sera of six mammalian species.
KEY (example for first line only):
columns 1 - 6 = Experiment no.
columns 7 - 9 - Host no. (183 = chicken)
column 12 = Antigen no. Injected into host (2 = whole serum)
columns 13-15 = Donor no. (356 - Ochotona Drlnceps)
columns 18-20 = Anti serum no.
columns 21-23 Species no. from the left side (356 = as above)
columns 25-28 = Antigen no. for species form left side
columns 29-31 Species no. from the rlaht side (359 = Lepus europaeus)
columns 33-36 * Antigen no. for species from right side
columns 37-60 = Results (arranged in 4-column sets) for every one precipitin Tineas follows
1st column = spur size of left species (2-5) [1 = no spur, O = no line]
3rd column = spur size of right species 
2nd column = reaction zone for left species
(O = Antigen excess, 1 = Equivalence zone. 2 = Antiserum excess)
4th column = reaction zone for right species.
For additional information, see Goodman and Moore (1371).
1 2 3 4 5 6 7 8 9 1111 1 1 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 2 3 3 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5 5 6 I  c o lu m n
2 3 4 5 6 9 0 1 2 3 5 6 7 8 9 0 1 3 4 5 6 7  8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 j  n u m b e rs
1 8 9 3 1 1 1 8 3 2 1 5 3 6 6 5 1 9 9 4 8 4 3 3 6 3 6 7 1 8 1 1 1 1 2 0 4 0
1 B 5 B A 1 183 2 3 5 6 6 5 6 3 5 6 6 7 0 9 3 5 9 6 7 1 4 4  2 0 0 2 1 1 1 4 1 1 1 1 1 0 0 I 8 9 3 J 1 183 2 1 5 3 6 6 5 1 9 9 4 8 4 3 1 4 9 6 7 7 8 1 1 1 1 4 0 1 0
1 B 5 B B 1 1 8 3 2 3 5 6 6 5 6 3 5 6 6 7 0 9 1 5 3 6 7 2 1 4  2 0 0 3 1 1 1 4 1 1 1 2 1 0 0 1 8 9 3 K 1 1 8 3 2 1 5 3 6 6 5 1 9 9 4 8 4 3 1 4 0 € 7 2 3 1 1 1 1 1 0 4 0
1 8 5 B C 1 183 2 3 5 6 6 5 6 3 5 9 6 7 1 4 1 5 3 6 7 2 1 1 1 1 1 1 1 1 1 1 8 9 3 L 1 1 8 3 2 1 5 3 6 6 5 1 9 9 4 8 4 3 1 5 8 6 7 2 2 1 1 1 1 1 0 1 0
1 8 5 8 D 1 1 8 3 2 3 5 6 6 5 6 3 5 9 6 7 1 4 1 9 9 4 8 4 3 2 1 0 0 4 0 1 1 1 8 9 3 M 1 1 83 2 1 5 3 6 6 5 1 9 9 4 8 4 3 1 7 6 1 1 6 1 0 0 2 1 1 1 1 1 2 0 1 0
185 8E  118 3 2 3 5 6 6 5 6 1 9 9 4 8 4 3 1 7 2 2 0 6 6 1 0 2 0 1 8 9 3 N 1 1 83 2 1 5 3 6 6 5 1 9 9 4 8 4 3 0 9 9 t S 5 2 1 1 1 1 3 0 1 0
1 B 5 8 F 1 183 2 3 5 6 6 5 6 1 7 2 2 0 6 6 0 7 8 6 0 0 2 2 0 1 0 1 8 9 3 0 1 1 8 3 2 1 5 3 6 6 5 1 9 9 4 8 4 3 1 2 4 1 5 2 1 1 1 1 1 3 0 1 0
1 6 5 B G 1 183 2 3 5 6 6 5 6 0 7 8 6 0 0 2 0 0 2 3 6 0 2 1 0 1 0 1 8 6 2 A 1 1 83 2 1 5 3 6 6 5 1 5 3 6 7 2 1 3 5 9 6 7 1 4 1 1 1 1 1 1 1 1 4 1 1 1 2 1 1 1 1 1 1 1
1 85 8*4 1 16 3 2 3 5 6 6 5 6 0 0 2 3 6 0 2 3 6 3 6 7 1 8 1 1 1 1 1 0 2 1 1 2 1 2 1 B 6 2 B 1 183 2 1 5 3 6 6 5 1 5 3 6 7 2  135 6 6 7 0 8 4 1 0 0 4 1 1 1 5 1 1 1 5 1 1 1
1 8 5 0 1 1 1 8 3 2 3 5 6 6 5 6 3 6 3 6 7 1 8 1 4 6 6 7 1 9 1 1 1 1 1 0 0 0 1 8 6 2 C 1 1 8 3 2 1 5 3 6 6 5 3 5 6 6 7 0 8 3 5 9 6 7 1 4 0 0 4 1 1 2 2 1 1 1 5 1 1 1 5 1 1 1 2 1
1 B 5 8 J 1 183 2 3 5 6 6 5 6 3 5 9 6 7 1 4 1 5 3 6 7 2 1 1 1 1 1 1 0 1 0 1 8 6 2 0 1 1 8 3 2 1 5 3 6 6 5 3 5 6 6 7 0 8 1 9 9 4 8 4 3 1 1 0 0 2 1 1 1 2 1 1 1 4 1 1 1
1 8 5 8 X 1 1 8 3 2 3 5 6 6 5 6 3 5 9 6 7 1 4 1 9 9 4 8 4 3 2 2 1 2 4 1 1 1 1 8 6 1 A 1 103 2 1 5 3 6 6 5 1 5 3 6 7 2 1 3 5 6 € 7 0 8 1 2 1 2 1 2 1 2 4 1 1 1 5 1 1 1
I 8 4 7 A 1 1 8 3 2 3 5 6 6 5 6 3 5 6 6 7 1 0 1 5 3 6 7 2 1 2 1 3 1 2 1 2 1 3 1 0 0 3 1 0 0 1 8 6 1 B 1 183 2 1 5 3 6 6 5 1 5 3 6 7 2 1 3 5 9 6 7 1 4 1 2 1 1 1 1 1 1 3 1 1 1 4 1 1 1
1 B 9 0 A 1 1 8 3 2 3 5 6 6 5 6 3 5 6 6 7 1 0 1 5 3 6 7 2 1 3 2 0 0 3 1 1 1 3 1 1 t 1 1 0 0 186  1C 1 1 8 3 2 1 5 3 6 6 5 3 5 6 6 7 0 8 3 5 9 6 7 1 4 1 1 3 1 1 1 1 1 1 1 5 1 1 0 4 0
1 8 9 0 6 1 1 8 3 2 3 5 6 6 5 6 3 5 6 6 7 1 0 3 5 9 6 7 1 4 3 7 0 0 3 1 1 1 3 1 1 1 1 1 0 0 186  IE  1 1 8 3 2 1 5 3 6 6 5 1 9 9 4 8 4 3 1 7 2 2 0 6 6 1 1 1 1 3 1 1 1
1 8 9 0 C 1 1 8 3 2 3 5 6 6 5 6 3 5 9 6 7 1 4 1 5 3 6 7 2 1 1 1 1 1 1 1 1 1 186  IF  1 1 8 3 2 1 5 3 6 6 5 1 7 2 2 Q 6 6 0 0 1 € 7 2 4 1 1 1 1 1 0 1 0 2 0 2 0
1 8 9 0 0 1 1 8 3 2 3 5 6 6 5 6 3 5 9 6 7 1 4 1 9 9 4 8 4 3 2 1 1 1 3 1 0 0 1 8 6 1 G 1 1 8 3 2 1 5 3 6 6 5 0 0 1 6 7 2 4 3 6 3 6 7 1 8 1 2 1 2 1 1 1 1 1 1 2 1
1 8 9 0 E 1 1 8 3 2 3 5 6 6 5 6 1 5 3 6 7 2 1 1 9 9 4 8 4 3 2  1 1 1 3 1 0 0 1 B 6 1 H 1 1 8 3 2 1 5 3 6 6 5 3 6 3 6 7 1 8 1 5 0 6 6 2 0 1 1 1 1 2 0 2 0
1 8 9 0 F 1 1 8 3 2 3 5 6 6 5 6 1 9 9 4 6 4 3 1 7 4 2 0 6 6 0 0 1 1 1 1 1 1 1 8 9 5 A 1 1 8 3 2 1 5 3 6 6 5 1 5 3 6 7 2 1 3 5 9 6 7 1 4 1 1 1 1 5 1 1 1 5 1 1 1 1 1 1 1
1890G  1183 2 3 5 6 6 5 6 1 9 9 4 8 4 3 1 2 5 2 3 0 6 0 0 1 1 1 1 1 1 1 8 9 5 B 1 1 8 3 2 1 5 3 6 5 6 3 5 9 6 7 1 4 3 5 6 6 7 1 0 5 1 1 1 3 1 1 1 5 1 1 1 3 1 1 0
1 8 9 0 H 1 183 2 3 5 6 6 5 6 1 9 9 4 8 4 3 1 3 0 1 1 6 6 0 0 2 1 1 0 4 0 1 8 9 5 C 1 1 8 3 2 1 5 3 6 5 6 3 5 6 6 7 1 0 1 9 9 4 8 4 3 1 1 0 0 2 1 0 0 3 1 1 1 5 1 1 1
1 8 9 0 1 1 1 8 3 2 3 5 6 6 5 6 1 9 9 4 8 4 3 3 6 3 6 7 1 8 0 0 1 1 1 1 1 1 1 8 9 5 0 1 1 8 3 2 1 5 3 6 6 5 1 9 9 4 8 4 3 1 2 4 1 5 2 1 1 1 1 2 5 1 1 1
1 8 9 3 A 1 1 8 3 2 1 5 3 6 6 5 1 5 3 6 7 2 1 3 5 6 6 7 1 0 5 1 1 1 4 1 1 1 5 1 1 1 5 1 1  1 1 8 9 5 E 1 1 8 3 2 1 5 3 6 6 5 1 9 9 4 8 4 3  1 € 7 2 4 1 1 1 1 0 0 2 1 3 1 2 0
1 8 9 3 6 1 1 8 3 2 1 5 3 6 6 5 1 5 3 6 7 2 1 3 5 9 6 7 1 4 1 1 1 1 1 1 1 1 5 1 1 1 1 1 1 1 1 8 9 5 F 1 1 8 3 2 1 5 3 6 6 5 1 9 9 4 6 4 3 1 7 4 2 0 6 6 1 1 3 1 3 1 2 1
1 8 9 3 C 1 1 8 3 2 1 5 3 6 6 5 3 5 6 6 7 1 0 3 5 9 6 7 1 4 1 1 5 1  1 1 3 1 1 1 5 1 2 1 3 1 1 8 9 5 G 1 183 2 1 5 3 6 6 5 1 9 9 4 8 4 3 1 2 5 2 3 0 7 1 1 1 1 2 1 3 1
1 8 9 3 0 1 1 8 3 2 1 5 3 6 6 5 3 5 6 6 7 1 0 1 9 9 4 8 4 3 2  1 0 0 3 1 0 0 2 1 1 1 4 0 1 0 1 8 9 5 H 1 1 83 2 1 5 3 6 6 5 1 9 9 4 6 4 3 1 3 0 1 1 6 6 1 1 1 1 0 0 2 1 4 1 3 1
1 8 9 3 F 1 1 8 3 2 1 5 3 6 6 5 1 9 9 4 0 4 3 1 5 0 6 6 2 0 1 1 1 1 1 0 2 0 1 8 5 9 A 1 183 2 3 6 3 6 7 2 1 4 0 6 7 2 3 1 5 8 6 7 2 2 1 1 0 0 0 0 4 0
1 B 9 3 G 1 183 2 1 5 3 6 6 5 1 9 9 4 8 4 3 1 7 7 6 7 7 4 1 1 1 1 1 0 4 0 1 8 6 4 A 1 1 8 3 2 3 6 3 6 7 1 3 6 3 6 7 1 8 1 5 0 6 6 2 0 5 2 0 0 5 1 0 0 5 1 1 1 5 0 1 0
1 B 9 3 H 1 183 2 1 5 3 6 6 5 1 9 9 4 8 4 3 1 5 2 6 7 1 2 1  1 1 1 3 0 1 0 1 8 6 4 8 1 1 8 3 2 3 6 3 6 7 1 1 5 0 6 6 2 0 1 7 7 6 7 7 4 0 0 1 1 1 1 1 1 1 0 1 0
519
Append 1x
1 8 6 4 C 1 1 8 3 2 3 6 3 6 7 1 1 7 7 6 7 7 4 1 5 2
1 8 6 0 4 1 1 8 3 2 3 6 3 6 7 2 3 6 3 6 7 1 8 1 5 0
1 8 6 0 6 1 1 8 3 2 3 6 3 6 7 2 3 6 3 6 7 1 8 1 7 7
1 B 6 0 C 1 183 2 3 6 3 6 7 2 3 6 3 6 7 1 8 1 S 2
1 8 6 0 0 1 1 8 3 2 3 6 3 6 7 2 1 7 7 6 7 7 4 1 5 0
I 8 6 0 E 118 3 2 3 6 3 6 7 2 1 7 7 6 7 7 4  152
I 8 6 0 F 118 3 2 3 6 3 6 7 2 1 5 0 6 6 2 0 1 5 2
1 6 6 0 G 1 183 2 3 6 3 6 7 2 1 4 9 6 7 2 0 1 5 2
1 8 6 0 H 1 183 2 3 6 3 6 7 2 1 4 0 6 7 2 3 1 5 2
1 6 6 0 1 1 1 8 3 2 3 6 3 6 7 2 1 4 0 6 7 2 3 1 4 9
1 8 6 0 J 1 183 2 3 6 3 6 7 2 1 4 9 6 7 2 0 1 5 8
1 8 6 0 K 1 183 2 3 6 3 6 7 2 1 4 0 6 7 2 3 1 5 8
1 8 6 0 L 1 1 8 3 2 3 6 3 6 7 2 1 5 8 6 7 2 2 0 0 1
1 8 6 0 M 1 183 2 3 6 3 6 7 2 0 0 1 6 7 2 4 1 5 3
t 8 7 2 A 1 183 2 3 6 3 6 7 1 3 6 3 6 7 1 8 1 5 0
1 6 7 2 8 1 1 8 3 2 3 6 3 6 7 1 3 6 3 6 7 1 8 1 7 7
1 8 7 2 C 1 183 2 3 6 3 6 7 1 3 6 3 6 7 1 8 1 5 2
1 8 7 2 0 1 1 8 3 2 3 6 3 6 7 1 1 5 0 6 6 2 0 1 7 7
1 8 7 2 E 1 163 2 3 6 3 6 7 1 1 5 0 6 6 2 0 1 5 2
1 B 7 2 F 1 1 8 3 2 3 6 3 6 7 1 1 7 7 6 7 7 4 1 5 2
1 8 7 2 G 1 183 2 3 6 3 6 7 1 1 5 2 6 7 t 2 f 4 9
1 8 7 2 H 1 183 2 3 6 3 6 7  1152 6 7 1 2 4 4 0
1 0 7 2 1 1 1 8 3 2 3 6 3 6 7 1 1 5 2 6 7 1 2 1 5 8
1 8 7 2 J 1 183 2 3 6 3 6 7 1 1 5 2 6 7 1 2 1 7 6
1 8 7 2 K I 183 2 3 6 3 6 7 1 1 5 2 6 7 1 2 1 9 9
1 8 7 2 L 1 1 8 3 2 3 6 3 6 7 1 1 5 2 6 7 1 2 1 2 4
1 8 7 2 M 1 183 2 3 6 3 6 7 1 1 5 2 6 7 1 2 0 0 1
1 8 7 2 N 1 1 8 3 2 3 6 3 6 7 1 1 5 2 6 7 1 2 1 7 2
1 8 7 2 0 1 1 8 3 2 3 6 3 6 7 1 1 5 2 6 7 1 2 1 5 3
1 B 7 2 P 1 1 8 3 2 3 6 3 6 7 1 1 5 2 6 7 1 2 1 2 5
1 B 8 3 A 1 183 2 1 4 9 6 7 4 1 4 9 6 7 7 8 3 6 5
1 8 8 3 6 1 1 8 3 2 1 4 9 6 7 4 3 6 5 6 7 8 0 1 4 8
1 8 8 3 0 1 1 8 3 2 1 4 9 6 7 4 3 6 5 6 7 8 0 1 S 2
1 B 8 3 E 1 1 8 3 2 1 4 9 6 7 4  152 6 7 1 2 1 5 0
1 8 8 3 F 1 1 8 3 2 1 4 9 6 7 4 1 5 2 6 7 1 2 1 7 7
1 8 8 3 G 1 1 83 2 1 4 9 6 7 4  152 6 7  1 2 3 6 3
1 B 8 3 H 1 183 2 1 4 9 6 7 4 1 5 2 6 7  1 2 1 4 6
1 B 8 3 H 1 8 3 2 1 4 9 6 7 4 1 5 2 6 7 1 2 3 6 2
1 8 8 3 J 1 1 83 2 1 4 9 6 7 4 1 5 2 6 7 1 2 1 4 0
1 B 8 3 C 1 1 83 2 1 4 9 6 7 4 1 4 8 9 1 4 0
1 8 4 5 8 1 1 8 3 2 1 7 7 6 5 1 1 7 7 1 2 5 2 1 5 0
1 8 5 7 A 1 1 6 3 2 1 7 7 6 5 1 1 7 7 1 2 5 2 1 5 0
1 8 6 3 A 1 1 8 3 2 1 7 7 6 5 1 1 7 7 6 7 7 4 1 5 0
1 8 8 5 0 1 1 8 3 2 1 7 7 6 5 1 3 6 3 6 7 1 8 1 5 2
1 B 4 S B 3 1 8 3 2 1 7 7 6 5 1 1 5 0 6 5 5 0 1 5 2
1 8 6 9 A I 1 83 2 1 7 7 6 5 1 1 5 2 6 7 1 2 3 6 5
1 B 6 9 B 1 1 8 3 2 1 7 7 6 5 1 1 5 2 6 7 1 2 1 4 6
1 8 6 9 E 1 1 83 2 1 7 7 6 5 1 1 5 2 6 7 1 2 1 5 8
1 8 6 9 0 1 1 8 3 2 1 7 7 6 5 1 1 5 2 6 7 1 2 0 0 1
1 8 6 3 G 1 1 83 2 1 7 7 6 5 1 1 5 8 6 7 2 2 0 0 1
1 B 6 9 C 1 1 83 2 1 7 7 6 5 1 1 5 2 6 7 1 2 1 4 0
1 8 6 9 0 1 1 8 3 2 1 7 7 6 5 1 1 5 2 6 7 1 2 1 7 6
1 8 6 9 F 1 1 B 3 2 1 7 7 6 5 1 1 5 2 6 7 1 2 3 6 0
1 B 6 9 H 1 1 8 3 2 1 7 7 6 5 1 1 5 2 6 7 1 2 1 5 3
1 8 6 3 B 1 1 8 3 2 1 7 7 6 5 1 1 5 0 6 6 2 0 3 6 3
1 8 6 3 C I1 B 3 2 1 7 7 6 5 1 3 6 3 6 7  I8 1 S 2
1 6 6 3 0 1 1 8 3 2 1 7 7 6 5 1 1 5 2 6 7 1 2 1 4 9
1 8 6 3 E I 1 83 2 1 7 7 6 5 1 1 4 9 6 7 7 8 1 4 6
€ 7 1 2 1 1 0 0 1 1 ! 1 3 0 1 0  
€ 6 2 0 4 1 1 1 3 1 0 0 3 1 0 0 2 1 0 0  
6 7 7 4 4 1 1 1 3 1 0 0 3 0 1 0 2 1 0 0  
6 7 1 2 3 1 0 0 3 1 1 1 4 0 0 0 2 1 0 0  
6 6 2 0 1 1 1 2  1 0 1 0  
6 7 1 2 1 1 1 t 1 0 0 0  
6 7 1 2 1 1 1 1 1 1 0 0  
6 7 1 2 1 1 1 1 1 0 1 0  
6 7 1 2 1 t 11 
6 7 2 0 1 1 1 1  
6 7 2 2 1 0 2 1 1 0 1 1 
6 7 2 2 0 0 1 1 1 2 1 1  
6 7 2 4 3 0 1 0  
6 7 2 1 2 0 1 0
6 6 2 0 1 1 0 0 5 1 0 0 3 1 0 0 5 0 1 0  
6 7 7 4 1 1 0 0 5 1 0 0 3 1 1 1 5 0 1 0  
6 7 1 2 1 1 0 0 5 1 0 0 4 1 1 1 5 0 1 0  
6 7 7 4 0 0 1 1 1 0 1 0  
6 7 1 2 1 1 1 1  
6 7 1 2 1 1 1 1 1 0 1 0  
6 7 7 8 1 1 2 1 1 1 2 1  
6 7 2 3 1 1 1  1 
6 7 2 2 1 1 3 1  
1 1 6 1 1 1 1 1  
4 8 4 3  1 1 1 1 1 0 1 0  
1 5 2 1 1 1 4 1  
6 7 2 4 1 1 2 1  
2 0 6 6 1 0 1 0  
6 7 2 1 1 0 1 O  
2 3 0 6 1 1 4  1
6 7 0 0 1 2 0 0 1 2 0 0 5 1 1 1 5 1 1 1 5 1 1 1
6 7 7 9 1 2 0 0 1 2 1 2 1 1 1 1
6 7 1 2 1 2 0 0 5 2 1 2 5 0 1 0
6 6 2 0 1 2 1 2 1 1 1 1
6 7 7 4 0 0 1 2 1 2 1 1
6 7 1 8 1 2 1 2 1 1 1 1
6 7 1 9 0 0 5 2 1 1 3 1 1 1 3 1
6 7 1 7 0 0 5 2 1 2 1  H i l l
6 7 2 3 0 0 4 2 0 0 5 2 1 2 1 1 1 0 0 0
6 7 7 9 1 2 1 2 1 2 1 2 1 1 1 1
6 5 5 0 2 1 1 t S 1 0 0 5 1 1 1 1 0 0 O
6 6 2 0 5 1 1 1 5 1 0 0 5 1 1 1 5 1 0 0 5 1 1 1 5 0 1 0
6 6 2 0 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 5 1 t O
6 7 1 2 4 1 2 1 2 0 2 1 4 0 1 0
1 2 5 0 2 1 1 1 1 0 1 0 5 1 5 1
6 7 8 0 2 1 1 1 2 1 1 1 1 1 1 1 1 0 1 0
6 7 1 9 4 1 4  1 2 1 1 1 1 1 1 1 1 0 1 0
6 7 2 2 1 1 3 1 3 1 1 1 1 1 2 1 1 0 1 0
6 7 2 4 2 1 3 1 4 1 3 1 1 1 3 1 3 0 3 0
6 7 2 4 2 2 2 1 1 1 2 1 1 0 1 0 1 0 1 0
6 7 2 3 3 1 1 1 4 1 1 1 1 1 1 1 1 0 1 0
1 1 6 1 5 1 4 2 4 1 1 1 1 1 1 1 1 0 1 0
6 7 1 5 3 1 3 1 3 1 1 1 1 1 1 0 1 0 1 0
6 7 2 1 3 1 5 2 5 1 5 1 2 1 1 1 1 0 1 0
6 7 1 8 2 1 2 1 0 0 3 1 4 1 0 0 5 1 0 0 5 1 0 1 1 1 1 0
6 7 1 2 4 2 2 1 1 t 0 0 3 l 2 1 3 1 1 1
6 7 7 8 3 1 2 1 2 1 1 1 2 0 2 1 4 0 1 0
6 7 1 9 1 1 1 1 1 1 1 1 1 0 1 0 1 0 4 0
(cont inued)
1 8 6 3 F 1 1 8 3 2 1 7 7
1 0 5 7 B 1 1 03 2 1 7 7
1 8 5 7 C 1 183 2 1 7 7
1 8 5 7 0 1 1 8 3 2 1 7 7
1 8 5 7 E 1 1 8 3 2 1 7 7
1 6 5 7 F 1 1 8 3 2 1 7 7
1 8 5 7 G 1 183 2 177
1 9 1 1 H 1 183 2 1 7 7
1 9 1 1 1 1 1 8 3 2 1 7 7
1 9 1 1 J 1 1 8 3 2 1 7 7
1 9 1 1 K 1 183 2 1 7 7
1 9 1 1 L 1 1 8 3 2 1 7 7
1 9 1 1M 11 83 2 1 7 7
191 IN  1 18 3 2 1 7 7
1 9 1 1 0 1 1 8 3 2 1 7 7
1 9 1 1 P 1 103 2 1 7 7
1 9 1 1 0 1 1 8 3 2 1 7 7
4 9 1 1R 1 18 3 2 1 7 7
1 8 7 4 A 1 1 8 3 2 1 5 0
1 8 8 5 B 1 183 2 4 50
1 8 4 5 A 1 1 8 3 2 1 5 0
1 0 5 1 A 1 183 2 1 5 0
1 8 5 6 A 118 3 2 1 5 0
1 8 7 1 A 1 183 2 1 5 0
1 B 7 1 B 1 1 83 2 1 5 0
1 8 7 1 C 1 183 2 1 5 0
1 8 7 1 0 1 1 8 3 2 1 5 0
1 8 7 4 D 1 183 2 1 5 0
1 8 7 4 E 1 183 2 1 5 0
1 B 7 4 F 1 1 0 3 2 1 50
1 B 7 4 G 1 1 83 2 1 5 0
1 8 7 4 H 1 1 8 3 2 1 5 0
1 6 7 4 1 1 1 8 3 2 1 5 0
1 8 7 4 J  1 18 3 2 1 5 0
1 87 4K  1 18 3 2 1 5 0
1 8 7 4 L  1 18 3 2 1 5 0
1 8 7 4 M 1 1 83 2 1 5 0
1 8 7 4 N 1 1 8 3 2 1 5 0
1 8 7 4 0 1 1 8 3 2 1 5 0
1 87  IE  1 18 3 2 1 5 0
187 IF  1 18 3 2 1 5 0
1 8 7 1 G 1 1 8 3 2 1 5 0
1 8 7 1 H 1 1 8 3 2 1 5 0
1 8 7 1 1 1 1 8 3 2 1 5 0
1 8 7 1 0 1 1 8 3 2 1 5 0
1 8 7 1 K 1 1 B 3 2 1 5 0
1 8 7 1 L 1 183 2 1 5 0
1 8 4 4 A 2 1 8 3 2 1 5 0
1 8 4 5 A 3 183 2 1 5 0
1 8 4 8 A 1 183 2 1 5 0
1 8 4 8 B 1 183 2 1 5 0
1 8 4 8 C 1 183 2 1 5 0
1 8 4 8 0 1 1 8 3 2 1 5 0
1 8 4 8 6 1 1 8 3 2 1 5 0
1 8 4 8 F 118 3 2 1 5 0
1 S 4 8 G 1 183 2 1 5 0
1 8 4 8 H 1 183 2 1 5 0
1 8 4 B I 118 3 2 1 5 0
6 5 ( 1 4 6  6 7 I 9 1 5 B  6 7 2 2 1 1 2 1 1 1 1 1 1 1 1 1 1 0 1 0  
6 5 1 1 5 0  6 6 2 0 3 6 3  6 7 1 8 2 1 1 2 3 1 2 1 2 1 3 0  
6 5 1 1 5 0  6 6 2 0 1 5 2  6 7 1 2 4 1 2 1 2 1 1 1 1 1 1 1 4 0 1 0  
6 5 1 3 6 3  6 7 1 8 1 5 2  6 7 1 2 5 2 1 2 5 0 2 2 1 0 1 0 5 0 1 0  
6 5 1 1 5 2  6 7 1 2 1 4 9  6 7 2 0 2 1 3 1 2 1 1 1 2 1 1 0 5 0 1 0  
6 5 1 3 6 3  6 7 1 8 1 5 8  6 7 2 2 2 1 1 2 2 1 1 1 4 1 1 1 5 0 1 0  
6 S 1 3 6 3  6 7 1 0 1 5 2  6 7 1 2 3 2 2 2 1 1 1 1 3 1 1 1 5 0 1 0  
6 5 1 1 7 7  6 7 7 4 1 5 0  6 8 0 4 5 1 1 1 1 1 0 0 2 1 0 0 2  1 1 1 5 1 1 1 5 1 1 0
6 5 1 1 5 0  6 8 0 4 1 5 1  6 8 0 2 1 1 1 1 1 1 1 1 2 1 1 1 1 0 1 0
6 5 1 1 5 1  6 8 0 2 3 6 3  6 7 1 8 1 1 2 2 1 1 1 1 2 1 2 1 1 0 2 0
6 5 1 1 5 1  6 8 0 2 1 5 2  6 7 1 2 3 1 3 1 1 1 1 1 1 1 1 1 3 0 1 0  
6 5 1 3 6 3  6 7 1 8 1 5 2  6 7 1 2 4 1 2 1 1 1 1 1 1 1 1 1 3 0 1 0
6 5 1 1 5 2  6 7 1 2 0 0 1  6 7 2 4 1 1 1 1 1 1 1 1 1 1 3 1 1 0 2 0  
6 5 1 1 5 2  6 7 1 2  1 7  6 7 7 1 1 1 1 1 1 1 1 1 2 1 2 1 1 0 2 0  
6 5 1 1 5 2  6 7 1 2 0 5 5  6 7 6 4 1 1 1 1 1 1 1 1 1 1 1 1 1 0 2 0  
6 5 1 1 5 2  6 7 1 2 1 5 3  6 7 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 2 0  
6 5 1 1 5 2  6 7 1 2 3 5 9  6 7 1 4 3 1 1 1 1 1 1 1 1 1 1 1 3 0 1 0  
6 5 1 1 5 2  6 7 1 2 3 5 6  6 7 0 9 2 1 1 1 1 1 1 1 1 1 1 1 2 0 1 0  
6 5 0 1 5 0  6 6 2 0 1 7 7  6 7 7 4 5 2 1 1 5 1 1 1 5 1 1 1 5 1 1 0  
6 5 0 3 6 3  6 7 1 0 1 5 2  6 7 1 2 3 1 1 1 1 1 3 1 5 1 1 1  
6 5 0 1 5 0  6 5 5 0 1 7 7  1 2 5 2 3 1 0 0 5 1 1 1 5 1 0 0 5 1 1 0  
6 5 0 1 5 0  6 6 2 0 1 7 7  1 2 5 1 5 1 1 0 2 1 1 0 5 1 1 1 2 2 0 0  
6 5 0 1 5 0  6 6 2 0 1 7 7  1 2 5 1 4 1 4 1 5 1 1 1 5 1 1 1 5 0 1 0  
6 5 0 1 5 2  6 7 1 2 3 6 3  6 7 1 8 3 1 5 1 1 1 1 1 1 1 2 1 1 0 4 0  
6 5 0 1 5 2  6 7 1 2 3 6 5  6 7 8 0 3 1 5 1 t 1 1 1 4 0 1 0 1 1 1 1  
6 5 0 1 5 2  6 7 1 2 1 4 6  6 7 1 9 4 1 3 1 1 1 2 1 1 1 1 1 2 0 1 0  
6 5 0 1 5 2  6 7 1 2 1 4 0  6 7 2 3 5 1 4 1 1 1 2 1 1 1 1 1 3 0 1 0  
6 5 0 1 7 7  6 7 7 4 3 6 3  6 7 1 8 3 1 2 1 3 t 1 1 1 1 1 1 1 0 5 0  
6 5 0 1 7 7  6 7 7 4 1 5 2  6 7 1 2 5 1 2 1 2 1 1 2 1 1 1 1 3 0 2 0  
6 5 0 3 6 3  6 7 1 8 1 5 2  6 7 1 2 2 1 3 1 1 1 1 2 1 1 1 1 3 0 1 0  
6 5 0 3 6 2  6 7 1 7 1 7 6  1 1 6 1 1 1 1 1 1 0 1 0  
6 5 0 3 6 2  6 7 1 7 1 4 9  6 7 7 8 1 0 1 0 1 1 2 0 3 1 1 0  
6 5 0 3 6 2  6 7 1 7 1 5 8  6 7 2 2 1 2 1 1 1 1 1 1 5 1 0 0  
6 5 0 3 6 2  6 7 1 7 1 9 9  4 8 4 3 1 1 1 1 1 0 1 0  
6 5 0 3 6 2  6 7 1 7 1 2 4  1 5 2  t i t  1 1 1 1 1 1 5 1 1 1  
6 5 0 3 6 2  6 7 1 7 0 0 1  6 7 2 4 1 1 2 1 1 1 1 1 1 0 2 0  
6 5 0 3 6 2  6 7 1 7 1 7 2  2 0 6 6 1 1 5 2 3 1 3 1 1 0 1 0  
6 5 0 3 6 2  6 7 1 7 1 5 3  6 7 2 1 1 1 1 1 2 1 1 1 3 0 3 0  
6 5 0 3 6 2  6 7 1 7 1 2 5  2 0 3 6 0 0 2 1 1 2 5 1 1 0 1 0  
6 5 0 1 5 2  6 7 1 2 1 7 6  1 1 6 1 5 1 2 1 1 ! 1 1 1 1 2 1 3 0 1 0  
6 5 0 1 5 2  6 7 1 2 1 5 8  6 7 2 2 5 1 5 1 1 1 1 1 1 1 1 1 3 0 1 0  
6 5 0 1 5 2  6 7 1 2 3 6 0  6 7 1 5 4 1 2 1 1 1 2 1 1 1 1 1 2 1 1 0  
6 5 0 1 5 2  6 7 1 2 1 2 4  1 5 2 1 5 1 1 0 1 1 1 1 1 1 1 1 5 0 1 1  
6 5 0 1 5 2  6 7 1 2 0 0 1  6 7 2 4 4 1 3 1 1 1 1 1 1 1 1 1 1 0 1 0  
6 5 0 1 5 2  6 7 1 2 1 7 2  2 0 6 6 5 1 4 1 1 1 1 1 1 1 1 1 3 1 1 1  
6 5 0 1 5 2  6 7 1 2 1 5 3  6 7 2 1 4 1 2 1 1 1 1 1 2 1 1 1 1 0 1 0  
6 5 0 1 5 2  6 7 1 2 1 2 5  2 3 0 6 4 1 3 1 1 1 1 1 1 1 2 1 5 0 1 1  
6 5 0  5 4  2 4 3 9  1 2  3 4 4 4 1 0 1 0 1 1 1 1 1 2 1 1  
6 5 0 1 5 2  1 2 5 0 1 7 7  1 2 5 2 1 1 5 1 0 0 5 1 1 2 3 2  
6 5 0 1 5 2  6 7 1 2 1 4 9  6 7 2 0 3 0 0 0 3 1 4 0  
6 5 0 1 5 2  6 7 1 2 1 7 7  1 2 5 2 1 1 1 1 1 1 1 1 2 1 5 1  
6 5 0 1 5 2  6 7 t 2 3 6 3  6 7 1 8 1 1 3 0 1 1 1 1 3 1 4 1  
6 5 0 1 5 2  6 7 1 2 1 4 6  6 7 1 9 1 0 1 0 1 1 1 1 5 2 1 2  
6 5 0 1 5 2  6 7 1 2 3 6 2  6 7 1 7 2 0 1 0 4 1 3 1  
6 5 0 1 5 2  6 7 1 2 1 4 0  7 6 4 2 1 1 1 4 1 3 1
6 5 0 1 5 2  6 7 1 2 1 5 8  7 2 1 5 1 1 1 4 1
6 5 0 1 5 2  6 7 1 2 1 7 6  1 1 6 1 5 2 1 0
6 5 0 1 5 2  6 7 1 2 1 9 9  4 8 4 3 1 0 1 0 1 1 1 1 4 1 1 1
520
Append 1x Ha (
1 8 4 6 J 1 183 2 1 5 0
1 8 4 8 K 1 183 2 1 5 0
1 8 4 8 L 1 1 8 3 2 1 5 0
1 8 4 8 M 1 183 2 1 5 0
1 8 4 8 N 1 183 2 1 5 0
1 8 4 8 0 1 1 8 3 2 1 5 0
1 8 4 8 P 1 183 2 1 5 0
1 8 4 8 0 1 1 8 3 2 1 5 0
1 85  ID  1 18 3 2 1 5 0
1 8 5 1 E 1 1 8 3 2 1 5 0
1 8 5 1 F 1 18 3 2 1 5 0
1 8 5 1 1 1 1 8 3 2 1 5 0
1 6 5 1 J 1 183 2 1 5 0
1 B 5 1 K 1 183 2 1 5 0
t 8 5 1 L 1 183 2 1 5 0
1 8 5 1 M 1 183 2 1 5 0
1 B 5 1 N 1 183 2 1 5 0
1 8 5 1 0 1 1 8 3 2 1 5 0
1 8 5 1 P 1 163 2 1 5 0
1 8 5 4 A 1 IB S 2 1 5 0
1 8 5 4 C 1 183 2 1 5 0
1 8 5 4 0 1 1 8 3 2 1 5 0
1 8 5 4 E 1 1 8 3 2 1 5 0
1 8 5 4 7 1 1 8 3 2 1 5 0
1 8 5 4 G 1 183 2 1 5 0
1 8 5 5 B 1 1 63 2 1 5 0
1 8 5 6 0 1 1 8 3 2 1 5 0
1 8 5 6 E 1 1 8 3 2 1 5 0
1 8 5 6 M 1 8 3 2 1 5 0
1 9 1 1 G 1 183 2 1 5 0
1 9 1 1 F 1 183 2 1 5 0
1 9 1 1 E 1 1 6 3 2 1 5 0
1 9 1 1 D 1 183 2 1 5 0
1 9 1 1 C 1 183 2 1 5 0
1 9 1 1 B 1 183 2 1 5 0
1 9 1 1 * 1 1 6 3 2 1 5 0
1 8 8 6 * 1 1 8 3 2 1 5 2
1 8 8 6 8 1 1 8 3 2 152
1 8 8 6 0 1 1 8 3 2 1 5 2
1 8 8 6 E 1 1 8 3 2 152
1 B 8 6 F 1 1 8 3 2 1 5 2
1 8 8 6 6 1 1 8 3 2 1 5 2
1 8 B 6 H 1 183 2 1 5 2
1 8 B 6 I 1 1 8 3 2 1 5 2
1 8 8 6 0 1 1 8 3 2 1 5 2
1 8 8 6 K 1 183 2 1 5 2
1 8 8 6 L 1 18 3 2 1 5 2
1 B 8 6 M 1 183 2 1 5 2
1 B 8 6 N 1 183 2 1 5 2
1 8 8 6 0 1 1 8 3 2 1 5 2
1 8 8 6 P 1 183 2 1 5 2
1 8 8 6 0 1 1B3 2 1 5 2
1 8 8 6 R 1 1 B 3 2 t5 2
1 8 6 6 5 1 1 8 3 2 1 5 2
1 8 8 6 T 1 18 3 2 1 5 2
1 8 8 6 U 1 163 2 152
1 8 8 6 V 1 183 2 1 5 2
1 6 8 7 * 1 1B3 2 1 5 2
6 5 0 1 5 2  6 7 1 2 1 5 3  6 7 2 1 1 1 1 1 1 1 1 1 5 1 1 1  
6 5 0 1 5 2  6 7 1 2 1 5 3  6 7 2 1 1 1 1 1 5 1 1 1  
6 5 0 U 9  6 7 2 0 I 7 6  1 1 6 1 1 1 1 1 2 2 1 2 3 1 0 0  
6 5 0 1 4 9  6 7 2 0 1 5 3  6 7 2 1 1 0 1 0 1 1 1 1 6 1 1 1 2 1 1 1  
6 5 0 1 4 9  6 7 2 0  9 9  1 5 5 2 3 0 4 0 5 1 0 0  
6 5 0 1 4 9  6 7 2 0 1 2 4  1 5 2 1 1 1 1 1 1 1 1 2 2 1 0 0  
6 5 0 1 4 9  6 7 2 0  1 6 7 2 4 1 0 1 0 1 1 1 1 0 0 3 2
6 5 0 1 4 9  6 7 2 0 1 2 5  2 3 0 6 1 0 2 1 1 1 1 1 2 1 1 1 3 1 3 1  
6 5 0 1 5 2  6 7 1 2 1 4 9  6 7 2 0 1 1 1 1 3 1 1 1 5 1 1 1
6 5 0 1 4 9  6 7 2 0 1 5 2  6 7 1 2 1 0 1 1 1 1 4 1 1 1 5 1  
6 5 0 1 5 2  6 7 1 2 1 7 7  1 2 5 1 1 0 1 0 1 1 1 1 2 1 3 1 1 1 1 2  
6 5 0 1 5 2  6 7 1 2 3 6 3  6 7 1 8 1 0 2 0 1 1 1 1 1 1 1 1 2 1 3 1  
6 5 0 1 5 2  6 7 1 2 1 4 6  6 7 1 9 1 0 1 0 1 1 2 1 3 1 1 1  
6 5 0 1 5 2  6 7 1 2 3 6 2  6 7 1 7  1 0 1 0 1 1 1 1 3 2 1 1  
6 5 0 1 5 2  6 7 1 2 1 4 0  7 6 4 1 0 1 0 1 1 2 1 3 1 2 1
6 5 0 1 5 2  6 7 1 2 1 5 8  7 3 1 1 1 1 1 1 1 4 2 5 1 0 0 5 1
6 5 0 1 5 2  6 7 1 2 1 7 6  1 1 6 1 1 1 1 1 1 1 1 1 3 1 2 1  
6 5 0 1 5 2  6 7 1 2 1 5 3  6 7 2 1 1 0 1 0 1 1 1 1 5 1 3 1  
6 5 0 1 5 2  6 7 1 2 1 9 9  4 B 4 3 1 0 1 0 1 1 1 1 3 1 1 1
6 5 0 1 5 0  6 6 2 0 1 7 7  1 2 5 1 5 2 0 0 5 1 1 1 5 1 1 1 5 1 1 0  
6 5 0 1 5 2  6 7 1 2 1 7 7  1 2 5 1 2 1 3 1 1 1 1 1 1 0 1 0  
6 5 0 1 5 2  6 7 1 2 3 6 3  6 7 1 8 0 0 3 2 3 2 1 1 1 1 1 1 1 1 3 1  
6 6 0 3 6 3  6 7 1 8 1 4 9  6 7 2 0 3 2  1 0 4 1 1 1 5 1 1 1  
6 5 0 3 6 3  6 7 1 8 1 4 0  6 7 2 3 2 1 1 1 5 2 1 2 3 1 1 1  
6 5 0 3 6 3  6 7 1 8 1 5 8  6 7 2 2 5 2 0 0 4  1 1 1 5 0 1 0  
6 5 0 3 6 3  6 7 1 8 1 7 7  1 2 5 1 1 1 5 1 1 1 5 1 0 0 4 1 0 0 3 1 1 0 3 0  
6 5 0 1 7 7  1 2 5 1 3 6 3  6 7 1 8 5 1 2 1 4 1 2 1 3 1 2 1 3 0 4 1  
6 5 0 1 7 7  1 2 5 1 1 5 2  6 7 1 2 5 1 0 0 3 1 2 1 1 1 1 1 3 0 1 1  
6 5 0 3 6 3  6 7  IB  152  6 7 1 2 5 1 0 0 1 0 3 1 1 1 1 1 5 1 2 1  
6 5 0 3 6 3  6 7 1 8 1 5 2  6 7 1 2 1 1 1 1 1 1 2 1 3 1 1 1  
6 5 0 1 7 7  6 7 7 4 1 5 2  6 7 1 2 2 1 1 1 1 1 1 1 1 0 1 0  
6 5 0 1 7 7  6 7 7 4 3 6 3  6 7 1 8 2 1 1 1 3 1 1 1 1 0 3 1
6 5 0 1 5 1  6 8 0 2 1 5 2  6 7 1 2 5 1 0 0 5 1 1 1 5 1 1 1 5 1 1 0  
6 5 0 1 5 1  6 8 0 2 3 6 3  6 7 1 8 5 1 0 0 5 1 1 1 5 1 1 1 5 1 1 1  
6 5 0 1 5 1  6 8 0 2 1 7 7  6 7 7 4 5 1 0 0 5 1 1 1 5 1 1 1 5 1 1 0  
6 5 0 1 5 0  6 8 0 4 1 5 1  6 8 0 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
6 5 4 1 5 2  6 7 1 2 1 5 0  6 6 2 0 2 1 0 0 5 1 1 1 3 1 0 0 5 1 1 1  
6 5 4 1 5 2  6 7 1 2 1 7 7  6 7 7 4 2 1 0 0 5 1 1 1 3 1 1 1 5 1 1 0  
6 5 4 1 5 0  6 6 2 0 1 7 7  6 7 7 4 2 1 1 1 1 0 2 0  
6 5 4 1 5 0  6 6 2 0 3 6 3  6 7 1 8 3 1 1 1 1 1 1 1  
6 5 4 1 7 7  6 7 7 4 3 6 3  6 7 1 8 2 1 1 1 1 1 1 1  
6 5 4 3 6 3  6 7 1 8 1 4 9  6 7 7 8 1 1 0 0 1 1 1 1 0 0 1 1  
6 5 4 3 6 3  6 7  1 8 1 4 0  6 7 2 3 1 1 1 1 1 1 1 1  
6 5 4 3 6 3  6 7 1 8 1 5 2  6 7 2 2 1 1 1 1 1 1 1 1  
6 5 4 3 6 3  6 7 1 8 0 0 1  6 7 2 4 1 1 1 1 1 1 1 1  
6 5 4 3 6 3  6 7 1 8 1 5 3  6 7 2 1 1 1 1 1 1 1 1 1  
6 5 4 1 5 0  6 6 2 0 1 4 9  6 7 7 8 3 1 1 1 1 1 1 1  
6 5 4 1 5 0  6 6 2 0 1 4 0  6 7 2 3 3 1 1 1 1 1 1 0  
6 5 4 1 5 0  6 6 2 0 1 5 8  6 7 2 2 2 1 1 1 2 1 1 0  
6 5 4 1 5 0  6 6 2 0 0 0 1  6 7 2 4 3 1 1 1 2 0 1 0  
6 5 4 1 5 0  6 6 2 0 1 5 3  6 7 2 1 3 1 1 1 2 1 1 1  
6 5 4 1 7 7  6 7 7 4 1 4 9  6 7 7 8 1 0 1 1 1 0 1 1  
6 5 4 1 7 7  6 7 7 4 1 4 0  6 7 2 3 1 1 1 1 2 0 1 1  
6 5 4 1 7 7  6 7 7 4 1 5 8  6 7 2 2 1 1 1 2 4 1 1 1  
6 5 4 1 7 7  6 7 7 4 0 0 1  6 7 2 4 3 1 1 1 1 0 1 0  
6 5 4 1 7 7  6 7 7 4 1 5 3  6 7 2 1 3 1 1 1 1 1 1 1  
6 5 4 1 4 9  6 7 7 8 1 4 0  6 7 2 3 1 1 1 1 1 1 1 1  
6 5 4 1 5 2  6 7 1 2 1 5 0  6 6 2 0 2  1 3 0 5 1 1 1 4  1 0 0 5 1 1 1
Inued)
18B 7B  118 3 2 1 5 2
1 8 B 7 C I183 2 1 5 2
1 8 8 7 0 1 1 0 3 2 1 5 2
1 8 8 7 E 1 1 8 3 2 1 5 2
1 8 8 7 F  118 3 2 1 5 2
1 8 8 7 H 1 183 2 1 5 2
1 8 8 2 *  1183 2 1 5 2
1 8 8 2 B 118 3 2 1 5 2
1 6 B 2 C 1 183 2 1 5 2
1 8 8 2 D 1 183 2 1 5 2
1 8 8 2 E 1 1 8 3 2 1 5 2
(8 8 2 7 1 1 8 3 2 4 5 2
1 6 8 2 G 1 183 2 1 5 2
1 8 8 2 H 1 183 2 1 5 2
1 8 8 2 1 1 1 8 3 2 1 5 2
1 8 8 2 J 1 183 2 1 5 2
1 6 6 5 7 1 (8 3 2 1 5 2
1 8 8 5 G I183 2 1 5 2
1 8 8 5 H 1 183 2 1 5 2
1 8 7 3 * 1 1 8 3 2 1 5 2
1 8 5 2 6 1 1 8 3 2 f  52
1 8 5 2 * 1 1 8 3 2 1 5 2
1 8 5 1 0 1 1 8 3 2 1 5 2
1 B 5 1 R 1 183 2 1 5 2
I 8 5 2 B 1 183 2 1 5 2
1 8 5 2 H 1 183 2 1 5 2
1 8 7 3 0 1 1 6 3 2 1 5 2
1 8 5 1 U 1 183 2 1 5 2
1 8 5 1 T 1 1 8 3 2 1 5 2
1 8 5 2 E 1 1 8 3 2 1 5 2
1 6 5 2 K I1 8 3 2 1 5 2
1 B 5 2 L 1 1 8 3 2 1 5 2
1 8 7 3 0 1 1 8 3 2 1 5 2
1 8 7 3 F 1 1 8 3 2 1 5 2
1 B 7 3 E 1 1 8 3 2 1 5 2
1 8 5 2 M 1 1 03 2 1 5 2
1 8 5 2 F 1 1 8 3 2 1 5 2
6 5 4 1 5 0  6 6 2 0 1 7 7  
6 5 4  177  6 7 7 4 3 6 3  
6 5 4 3 6 3  6 7 1 8 1 4 9
6 5 4 1 4 9  6 7 7 8 1 4 0  
6 5 4 1 7 7  6 7 7 4 1 4 9  
6 5 4  1 50  6 6 2 0 1 5 8  
6 5 4  152  6 7 1 2 1 5 0  
6 5 4  1 50  6 6 2 0 1 7 7  
6 5 4  1 50  6 6 2 0 3 6 3  
6 5 4 1 7 7  6 7 7 4 3 6 3  
6 5 4  177  6 7 7 4  149  
6 5 4 1 7 7  6 7 7 4 3 6 5  
6 5 4  177 6 7 7 4 1 4 8  
6 5 4 3 6 3  6 7 1 8 1 4 9  
6 5 4 3 6 3  6 7 1 8 3 6 5  
6 5 4 3 6 3  6 7 1 8 1 4 8
6 5 4 1 5 0  6 6 2 0 3 6 3  
6 5 4 1 7 7  6 7 7 4 3 6 3  
6 5 4 1 5 0  6 6 2 0 1 7 7  
6 5 3 1 5 2  6 7 1 2 1 5 0  
6 5 4  152  6 7 1 2 1 5 0  
6 5 4  152  6 7 1 2 1 5 0  
6 5 4 1 5 2  6 7 1 2 1 5 0  
6 5 4 1 5 2  6 7 1 2 1 7 7  
6 5 4 1 5 2  6 7 1 2 1 7 7  
6 5 4 1 5 2  6 7 1 2 1 7 7  
6 5 3 1 5 2  6 7 1 2 1 7 7  
6 5 4 1 5 0  6 6 2 0 1 4 9  
6 5 4 1 5 0  6 6 2 0 1 7 7  
6 5 4 1 5 0  6 6 2 0 1 7 7  
6 5 4 1 5 0  6 6 2 0 1 7 7  
6 5 4 1 5 0  6 6 2 0 1 7 7  
6 5 3 1 5 0  6 6 2 0 1 7 7  
6 5 3 1 7 7  6 7 7 4 3 6 3  
6 5 3 1 5 0  6 6 2 0 3 6 3  
6 5 4 1 5 0  6 6 2 0 1 4 9  
6 5 4 1 5 0  6 6 2 0 1 4 9
6 7 7 4 1 1 1 1 3 1 1 1 1 0 1 0
6 7 1 8 1 1 1 1 2 1 1 1
6 7 7 8 1 1 1 1 1 1 1 1 1 0 0 0
6 7 2 3 1 1 1 1 1 1 1 1
6 7 7 8 1 1 0 0 1 1 1 1 3 0 1 0
6 7 2 2 3 1 1 1 2 0 1 0
6 6 2 0 5 2 1 2 5 1 0 0 5 1 0 0 5 1 1 1
6 7 7 4 1 2 1 2 1 1 11
6 7 1 8 1 1 1 1 3 1 1 1
6 7 1 8 1 1 1 2 2 1 2 1
6 7 7 8 2 1 0 0 2 1 1 2 5 1 1 2
6 7 8 0 2 1 0 0 1 1 1 1 5 1 1 1
6 7 7 9 2 1 0 0 1 1 1 1 5 1 1 1
6 7 7 8 1 1 1 1 1 1 3 1
6 7 8 0 2 2 2 1 3 1 1 1
6 7 7 9 1 1 1 1 3 1 1 1
6 7 1 8 1 1 0 0 3 1 1 1 1 0 1 0
6 7 1 8 1 1 1 2 1 1 0 0 2 0 1 0
6 7 7 4 0 0 1 t l t l t l O l O
6 6 2 0 1 1 1 1 5 1 0 0 1 1 0 0 5 1 0 0
6 6 2 0 5 0 1 1 5 1 0 0 5 1 1 1 5 1 0 0 4 1 0 0
6 6 2 0 5 0 1 1 4 1 0 0 5 1 1 1 5 1 0 0 3 2 0 0
6 6 2 0 3 0 1 0 5 0 2 1 5 1 2 1 5 1 0 0 5 1 0 0
1 2 5 1 3 0 2 1 5 1 0 0 5 1 0 0 5 1 0 0
1 2 5 1 5 0 0 0 4 1 0 0 4 1 1 1 5 1 0 0 4 2 0 0
1 2 5 1 5 0 0 0 3 1 0 0 4 1 0 0 5 1 1 1 5 2 0 0
6 7 7 4 1 1 1 1 5 t 0 0 1 1 0 0 5 1 0 0
6 7 2 0 1 0 1 0 2 1 1 1
1 2 5 1 1 0 1 0 2 1 1 1 1 2 0 0
1 2 5 1 2 1 1 1 1 1 1 1
1 2 5 1 2 1 3 1 2 1 1 1
1 2 5 1 2 1 3 1 1 1 1 1
6 7 7 4 1 1 1 1
6 7 1 8 1 1 1 1
6 7 1 8 1 1 1 2
6 7 2 0 1 0 1 0 2 1 1 1 1 1 0 0
6 7 2 0 2 1 1 1 2 2 1 1
Appendix Hb. Raw tmounodtffusion data collected with chicken antisera to purified albumins of 10 mammalian species.
1 2 3 4 5 6 7 8 9
1 8 6 7 4 1 1 8 3  
1 8 6 7 4 2 1 8 3  
1 8 6 7 B 1 1 8 3  
1 8 6 7 8 2 1 8 3  
1 8 6 7 C 1 183  
1 B 6 7 C 2 1 8 3  
1 8 6 7 0 1 1 8 3  
1 8 6 7 0 2 1 8 3  
1 8 6 7 E 1 1 8 3  
1 0 6 7 E 2 1 83  
1 0 6 7 F 1 1 8 3  
1 B 6 7 F 2 1 8 3  
1 0 6 7 1 1 1B3 
1 0 6 7 1 2 1 8 3  
1 8 6 7 J 1 183  
1 0 6 7 J 2 183  
1 0 6 7 K 1 1 8 3  
1 8 6 7 K 2 1 8 3  
1 0 6 7 L 1 1 8 3  
1 8 6 7 L 2 183 
1 0 6 7 M 1 1 8 3  
I8 6 7 M 2 1 8 3  
1 0 6 7 N 1 183 
1 0 6 7 N 2 183 
1 0 6 7 0 1 1 8 3  
1 0 6 7 0 2 1 8 3  
I0 6 7 P 1 1 8 3  
1 8 6 7 P 2 103
KEY (exanple for first line only):
Experiment no.
Host no. (183 = chicken)
Antigen no. injected into host (3 - albumtn)
Donor no. (140 = Bos taurus)
Anti serum no.
Species no. from the left side (140 = as above)
Antigen no. for species form left side 
Species no* From the right side (136 = Ovls ar i es)
Antigen no. for species from right side
Results (arranged In 4-column sets) for every one precipitin lineas follows:
1st column = spur si2e of left species (2-5) (1 = no spur, 0 = no line]
3rd column = spur size of right species 
2nd column = reaction zone for left species
(O = Antigen excess. 1 = Equivalence zone, 2 = Antfserum excess)
columns 1 - 6
columns 7 - 9
co1umn 12
co1umns 13- IB
co1umns 18-20
co1umns 21-23
co1umns 25-28
coIumns 29-31
columns 33-36
columns 37-40
For addi t iona1
4th column = reaction zone for right species, 
information, see Goodman and Moore (1971).
1111 1 1 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 4 I  c o lu m n
2 3 4 5 8 9 0 1 2 3 5 6 7 8 9 0 1 3 4 5 6 7 8 9 0 r  n u m b e rs
1 8 G 8 A 1 183 3 1 4 0 6 3 1 1 7 6 1161  ISO 6 6 2 0 3 1 M
3 1 4 0 6 3 1 1 4 0 4 4 7 3 1 3 6 6 0 7 9 3 1 1 1 1 8 6 8 4 2 1 8 3 3 1 4 0 6 3 1 3 6 5 6 7 8 0 1 4 9 6 7 2 0 2 0 1 0
3 1 4 0 6 3 1 1 3 6 6 0 7 9 1 4 3 0 0 1 8 1 1 1 1 1 8 6 8 4 3 1 8 3 3 1 4 0 6 3 1 3 6 5 6 7 8 0 1 5 0 6 6 2 0 1 0 3 1
3 1 4 0 6 3 1 1 4 3 0 0 1 8 3 6 2 6 7 1 7 3 1 1 1 1 8 6 8 4 4 1 8 3 3 1 4 0 6 3 1 1 5 0 6 6 2 0 0 0 1 5 7 0 0 2 0 1 0
3 1 4 0 6 3 1 3 6 2 6 7 1 7 1 4 6 6 7 1 9 3 1 2 0 1 8 7 0 A 118 3 3 1 4 0 6 3 1 1 4 0 4 4 7 3 1 4 3 0 0 1 8 4 1 1 1
3 1 4 0 6 3 1 1 4 6 6 7 1 9 1 4 9 6 7 2 0 3 0 1 0 1 8 7 0 6 1 1 8 3 3 1 4 0 6 3 1 1 4 3 0 0 1 8 3 6 2 6 7 1 7 4 1 1 1
3 1 4 0 € 3 1 1 4 9 6 7 2 0 3 5 7 6 7 1 2 1 0 2 0 1 8 7 0 C 1183 3 1 4 0 6 3 1 3 6 2 6 7 1 7 1 4 6 6 7 1 9 3 1 1 0
3 1 4 0 6 3 1 1 4 9 6 7 2 0 1 5 0 6 6 2 0 1 0 4 0 1 8 7 0 0 1 1 8 3 3 1 4 0 6 3 1 1 4 6 6 7 1 9 3 6 5 6 7 8 0 3 0 1 0
3 1 4 0 6 3 1 1 4 9 6 7 2 0 3 6 3 6 7 1 8 1 0 3 0 1 B 7 0 E 118 3 3 1 4 0 6 3 1 1 4 6 6 7 1 9 1 7 6 1 1 6 1 1 121
3 1 4 0 6 3 1 1 5 0 6 6 2 0 3 5 7 6 7 1 2 4 1 1 0 1 8 7 0 F 1 183 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 8 6 6 7 0 7 3 1 1 1
3 1 4 0 6 3 1 1 5 0 6 6 2 0 3 6 3 6 7 1 8 1 0 1 0 1 8 7 0 6 1 1 8 3 3 1 4 0 6 3 1 0 0 t 5 7 0 0 0 8 2 6 3 1 1 2 0 1 0
3 1 4 0 6 3 1 1 5 0 6 6 2 0 1 7 7 6 7 7 4 3 1 1 0 1 8 7 0 H 1 183 3 1 4 0 6 3 1 0 0 1 5 7 0 0 3 1 4 6 6 6 9 4 0 1 0
3 1 4 0 6 3 1 1 5 0 6 6 2 0 0 0 1 5 7 0 0 2 1 1 0 1 8 7 0 1 1 (8 3 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 7 8 5 8 2 3 1 1 1 1
3 1 4 0 6 3 1 1 4 0 4 4 7 3 1 3 6 6 0 7 9 3 2 1 2 1 8 7 0 1 1 1 8 3 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 7 9 5 9 7 0 1 0 1 0
3 1 4 0 6 3 1 1 3 6 6 0 7 9 1 4 3 0 0 1 6 1 2 1 2 I8 7 0 K 1 1 8 3 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 7 5 2 2 7 4 1 0 1 0
3 1 4 0 6 3 1 1 4 3 0 0 1 8 3 6 2 6 7 1 7 3 1 1 1 I 8 7 0 L 1 183 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 8 0 4 8 4 7 3 1 1 0
3 1 4 0 6 3 1 3 6 2 6 7 1 7 1 4 6 6 7 1 9 3 2 1 2 1 0 7 0 X 1 1 8 3 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 9 4 6 0 1 1 1 1 1 1
3 1 4 0 6 3 1 1 4 6 6 7 1 9 1 4 9 6 7 2 0 3 1 1 0 1 8 7 0 N 1 183 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 4 9 6 1 6 5 3 1 1 1
3 1 4 0 6 3 1 1 4 9 6 7 2 0 3 5 7 6 7 1 2 1 0 2 1 1 8 7 0 0 1 1 8 3 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 1 4 5 6 8 6 1 1 1 1
3 1 4 0 6 3 1 1 4 9 6 7 2 0 1 5 0 6 6 2 0 1 0 4 1 1 8 7 0 P 1 1 6 3 3 1 4 0 6 3 1 1 4 0 4 4 7 3  131 0 0 1 0 1 1 1 0
3 1 4 0 6 3 1 1 4 9 6 7 2 0 3 6 3 6 7 1 8 1 1 4 1 1 8 7 0 0 1 1 8 3 3 1 4 0 6 3 1 1 3 1 0 0 1 0 1 3 4 0 0 4 9 3 2 1 1
3 1 4 0 6 3 1 1 5 0 6 6 2 0 3 5 7 6 7 1 2 3 1 1 1 1 8 7 0 9 1 1 8 3 3 1 4 0 6 3 1 1 3 1 0 0 1 0 1 3 3 0 0 0 6 3 2 1 2
3 1 4 0 6 3 1 1 5 0 6 6 2 0 3 6 3 6 7 1 8 1 1 1 1 1 8 7 5 4 1 1 0 3 3 1 4 0 6 3 1 1 3 1 0 0 1 0 1 3 7 0 0 5 1 3 2 1 0
3 1 4 0 6 3 1 1 5 0 6 6 2 0 1 7 7 6 7 7 4 4 1 1 1 1 8 7 5 B 1 103 3 1 4 0 6 3 1 1 3 1 0 0 1 0 1 3 5 0 0 2 3 2 2 1 2
3 1 4 0 6 3 1 1 5 0 6 6 2 0 0 0 1 5 7 0 0 3 1 2 1 1 0 7 5 8 2 1 8 3 3 1 4 0 6 3 1 1 3 7 0 0 5 1 1 3 6 6 0 7 9 1 0 1 1
3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 8 6 6 7 0 7 3 1 1 0 1 0 7 5 0 1 1 8 3 3 1 4 0 6 3 1 1 3 7 0 0 5 1 1 3 4 0 Q 4 9 1 0 2 1
3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 7 0 5 8 2 3 1 1 1 1 T 8 7 5 D I183 3 1 4 0 6 3 1 1 3 4 0 0 4 9 1 3 3 0 0 0 6 1 2 1 2
3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 9 4 GO 7 1 1 1 1 2 1 0 7 5 E 2 183 3 1 4 0 6 3 1 1 3 6 6 0 7 9 1 3 5 0 0 2 9 1 2 1 2
3 1 4 0 6 3 1 0 0 1 5 7 0 0 1 5 0 6 7 2 2 3 1 1 1 1 0 7 5 G 1 183 3 1 4 0 6 3 1 1 3 7 0 0 5 1 1 4 3 0 0 1 8 1 0 2 1
1 8 7 5 H 2 183 3 1 4 0 6 3 1 3 6 5
1 8 7 5 1 2 1 8 3 3 1 4 0 6 3 1 1 7 6
1 8 7 5 J 1 183 3 1 4 0 6 3 1 1 7 6
1 8 7 5 J 2 183 3 1 4 0 6 3 1 1 7 6
1 6 7 5 K 1 183 3 1 4 0 6 3 1 1 7 6
1 0 7 5 K 2 1 8 3 3 1 4 0 6 3 1 1 7 6
1 8 7 5 L 1 183 3 1 4 0 6 3 1 1 6 6
1 8 7 S L 2  183 3 1 4 0 6 3  116 6
1 0 7 5 X 1 1 8 3 3 1 4 0 6 3 1 1 6 6
1 8 7 5 X 2 1 9 3 3 1 4 0 6 3 1 1 5 8
I 8 7 5 N 1 183 3 1 4 0 6 3 1 1 7 6
1 0 7 5 * 2 1 8 3 3 1 4 0 6 3 1 0 0 1
1 8 7 5 0 1 1 8 3 3 1 4 0 6 3 1 1 7 6
1 8 7 5 0 2 1 8 3 3 1 4 0 6 3 1 0 0 1
I8 7 5 P 2 163 3 1 4 0 6 3 1 0 0 1
1 8 7 5 0 1 1 8 3 3 1 4 0 6 3 1 0 9 9
1 0 7 5 0 2 1 8 3 3 1 4 0 6 3 1 0 9 9
1 8 7 5 R 1 1 8 3 3 1 4 0 6 3 1 1 5 3
1 8 7 5 5 1 1 8 3 3 1 4 0 6 3 1 0 9 9
1 0 7 5 S 2 183 3 1 4 0 6 3 1 1 8 1
1 8 7 6 J 1 183 3 1 4 0 6 3 1 1 3 7
1 8 7 6 J 2 183 3 1 4 0 6 3 1 1 3 4
1 8 7 6 K 1 183 3 1 4 0 6 3 1 1 3 6
1 8 7 6 L 1 183 3 1 4 0 6 3 1 1 3 4
1 8 7 6 L 2 1 8 3 3 1 4 0 6 3 1 1 3 3
1 8 7 6 M I183 3 1 4 0 6 3 1 0 0 1
J 0 7 6 N 1 183 3 1 4 0 6 3 1 3 5 9
1 B 7 6 N 2 183 3 1 4 0 6 3 1 0 0 1
1 8 7 6 0 1 1 8 3 3 1 4 0 6 3 1 0 0 1
6 7 8 0 1 4 8  
1 1 6 1 3 6 3  
1 1 6 1 1 7 7  
1 1 6 1 3 5 7  
1 1 6 1 0 0 1  
1 1 6 1 1 6 6  
1 2 5 4 1 5 8
1 2 5 4 1 6 2
1 2 5 4 1 6 3  
6 7 2 2 1 5 7  
1 1 6 1 1 5 3  
5 7 0 0 1 5 3  
1 1 6 1 1 2 4  
5 7 0 Q 1 2 4  
5 7 0 0 0 9 9  
1 5 5 2 1 1 t  
1 5 5 2 3 2 6  
6 7 2 1 3 5 9  
1 5 5 2 1 8 1  
2 5 8 1 1 8 0  
0 0 5 1 1 3 3  
0 0 4 9 1 3 6  
6 0 7 9 1 3 5  
0 0 4 9 1 4 3  
0 0 0 6 1 4 3  
5 7 0 0 1 2 5  
6 7 1 4 1 9 9  
5 7 0 0 1 7 4  
5 7 0 0 3 5 9
0 0 0 9 1 1 1 1  
6 7 1 8 3 2 2 1  
6 7 7 4 4 2 1 1  
6 7 1 2 4 1 1 1 
5 7 0 0 2 2 2 1  
1 2 5 4 2 2 1 1  
6 7 2 2 1 1 1 0  
3 2 3 6 1 1 1 0  
1 5 2 0 2 1 1 1  
1 4 1 3 1 0 2 1  
6 7 2 1 3 2 1 1  
6 7 2 1 3 1 1 1  
1 5 2 1 3 2 1 1  
1 5 2 1 3 1 1 2  
1 5 5 2 2 1 1 2  
1 4 7 0 2 2 1 2  
6 6 6 4 1 1 1 0  
6 7 1 4 1 1 1 1  
2 5 8 1 1 1 1 0  
0 6 4 9 2 1 2 1  
0 0 0 6 1 2 1 2  
6 0 7 9 1 1 1 2  
0 0 2 9 1 2 1 1  
0 0 1 8 1 2 1 2  
0 0 1 8 1 2 1 2  
2 3 0 7 3 1 1 1 
4 8 4 3 2 1 1 1  
2 0 6 6 3 1 1 1  
6 7 1 4 1 1 1 1
<J1
N>
to
Append i x
1 8 7 6 0 2 < 0 3 3 1 4 0 6 3 1 0 0 1 5 7 0 0 1 6 8 0 0 4 3 3 1 t t I9 0 0 J 2 1 8 3 3 0 0
1 8 7 6 P 1 18 3 3 1 4 0 6 3 1 0 0 1 5 7 0 0 1 5 7 1 4 1 3 2 1 1 1 1 9 0 0 K 1 1 83 3 0 0
1 8 7 6 P 2 1 B 3 3 1 4 0 6 3 1 1 3 1 0 0 1 0 1 3 6 6 0 7 9 3 2 1 2 I9 0 0 K 2 1 83 3 0 0
1 8 7 9 A 1 1 8 3 3 1 4 0 6 3 1 1 3 7 0 0 5 1 ( 3 3 0 0 0 6 1 1 2 1 1 9 0 0 1 1 1 8 3 3 0 0
1 8 7 9 6 1 1 8 3 3 1 4 0 6 3 1 1 3 6 6 0 7 9 1 3 5 0 0 2 9 1 1 2 1 1 9 0 0 T 1 1 83 3 0 0
1 8 7 9 B 2 1 8 3 3 1 4 0 6 3 1 1 3 6 6 0 7 9 1 4 3 0 0 1 8 2 1 2 1 I 9 0 0 T 2 1 83 3 0 0
1 8 7 9 C 1 183 3 1 4 0 6 3 1 1 3 4 0 0 4 9 1 4 3 0 0 1 8 2 1 2 1 1 9 0 0 U 1 1 83 3 0 0
1 8 7 9 C 2 1 6 3 3 1 4 0 6 3 1 1 3 3 0 0 0 6 1 4 3 0 0 1 8 2 1 1 1 1 9 0 0 U 2 1 83 3 0 0
1 8 7 9 0 1 1 8 3 3 1 4 0 6 3 1 1 3 1 0 0 1 0 1 3 6 6 0 7 9 3 1 1 1 1 9 0 0 V 1 1 8 3 3 0 0
1 8 7 9 0 2 1 8 3 3 1 4 0 6 3 1 1 5 7 1 4 1 3 0 0 1 5 7 0 0 3 1 1 1 1 9 0 0 V 2 183 3 0 0
1 8 7 9 E 2 183 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 4 1 6 5 6 4 1 1 1 1 1 9 0 0 V 1 1 8 3 3 0 0
1 8 7 9 F 1 1 8 3 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 5 6 6 0 1 7 1 1 1 1 1 9 0 1 A 1 1 83 3 0 0
1 8 7 9 F 2 1 8 3 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 6 2 0 4 3 9 1 1 1 1 1 9 0 1 A 2 1 8 3 3 0 0
1 8 7 9 G 1 (8 3 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 6 6 6 6 8 4 1 1 2 0 1 9 0 1 B 1 1 83 3 0 0
1 8 7 9 H 1 103 3 1 4 0 6 3 1 0 6 2 0 4 3 9 0 6 6 6 6 8 4 1 1 2 0 1 9 0 1 6 2 1 8 3 3 0 0
1 B 7 9 H 2 1 B 3 3 1 4 0 6 3 1 0 6 2 0 4 3 9 0 8 6 6 7 0 7 4 1 1 0 1 9 0 2 A 1 1 83 3 0 0
1 8 7 9 1 1 1 8 3 3 1 4 0 6 3 1 0 6 2 0 4 3 9 0 7 8 5 8 2 3 2 1 2 1 1 9 0 2 A 2 1 03 3 0 0
1 8 7 9 1 2 1 8 3 3 1 4 0 6 3 1 0 7 8 5 8 2 3 0 8 6 6 7 0 7 3 1 1 1 1 9 C 2 B 1 1 8 3 3 0 0
1 8 8 8 D 1 183 3 1 4 0 6 3 1 1 4 6 6 7 1 9 1 5 0 6 6 2 0 3 1 2 1 1 9 0 2 B 2 1 8 3 3 0 0
1 8 8 8 0 2 1 8 3 3 1 4 0 6 3 1 1 4 6 6 7 1 9 3 6 3 6 7 ( 8 3 1 1 1 1 9 0 2 0 1 8 3 3 0 0
1 8 8 B F 1 1 8 3 3 1 4 0 6 3 1 3 6 2 6 7 1 7 1 5 0 6 6 2 0 2 1 1 1 1 9 0 2 C 2 1 83 3 0 0
1 B 8 8 F 2 183 3 1 4 0 6 3 1 3 6 2 6 7 1 7 3 6 3 6 7 1 8 3 1 1 1 1 9 0 2 D 1 183 3 0 0
1 8 B 8 G 1 183 3 1 4 0 6 3 1 3 6 2 6 7 1 7 0 0 1 5 7 0 0 3 1 1 1 1 9 0 2 D 2 1 83 3 0 0
1 8 9 0 A 2 183 3 1 4 0 6 3 1 1 3 4 0 0 4 9 1 3 6 6 0 7 9 1 1 1 1 1 9 0 2 E 1 1 8 3 3 0 0
1 8 9 0 3 2 1 8 3 3 1 4 0 6 3 1 1 3 6 6 0 7 9 1 4 3 0 0 1 8 1 2 ( 1 1 9 0 2 E 2 1 83 3 0 0
1 8 9 0 C 118 3 3 1 4 0 6 3 1 1 3 4 0 0 4 9 1 4 3 0 0 1 8 2 1 2 1 1 9 0 2 F 1 1 8 3 3 0 0
1 8 9 0 C 2 183 3 1 4 0 6 3 1 1 3 3 0 0 0 6 1 4 3 0 0 1 8 2 1 1 1 1 9 0 2 F 2 183 3 0 0
1 8 9 0 0 1 1 8 3 3 1 4 0 6 3 1 1 3 1 0 0 1 0 1 3 6 6 0 7 9 4 1 1 1 1 9 0 2 6 1 1 8 3 3 0 0
1 B 9 0 E 1 1 8 3 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 9 5 4 5 5 1 1 1 ( 0 19 0 2 G 2 1 B 3 3 0 0
1 B 9 0 E 2 183 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 4 1 6 5 6 4 1 1 1 1 1 9 0 2 H 1 183 3 0 0
1 8 9 0 F t 183 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 5 6 6 0 1 7 1 0 1 1 1 9 0 2 H 2 1 8 3 3 0 0
1 8 9 0 F 2 183 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 6 2 0 4 3 9 1 0 1 0 1 9 0 2 1 1 1 8 3 3 0 0
1 8 9 0 G 1 183 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 6 6 6 6 8 4 1 1 2 0 1 9 0 2 1 2 1 8 3 3 0 0
(B 9 0 G 2 1 8 3 3 1 4 0 6 3 1 0 6 2 0 4 3 9 0 5 6 6 0 1 7 1 0 2 t 1 9 0 2 J 1 183 3 0 0
(B 9 0 H 1 163 3 1 4 0 6 3 1 0 6 2 0 4 3 9 0 6 6 6 6 8 4 1 0 2 0 1 9 0 2 J 2 1 B 3 3 0 0
1 8 9 0 H 2 183 3 1 4 0 6 3 1 0 6 2 0 4 3 9 0 8 6 6 7 0 7 5 0 1 0 1 9 0 2 K 1 183 3 0 0
1 8 9 0 1 1 1 8 3 3 1 4 0 6 3 1 0 6 2 0 4 3 9 0 7 8 5 8 2 3 1 0 1 1 1 9 0 2 K 2 183 3 0 0
1 8 9 0 1 2 1 8 3 3 1 4 0 6 3 1 0 7 8 5 8 2 3 0 8 6 6 7 0 7 3 1 1 1 1 9 0 2 1 1 1 8 3 3 0 0
1 8 9 1 A 1 1 8 3 3 1 4 0 6 3 1 1 3 7 0 0 5 1 1 3 3 0 0 0 6 1 1 2 2 1 9 0 2 L 2 1 8 3 3 0 0
1 8 9 1 A 2 1 8 3 3 1 4 0 6 3 1 1 3 6 6 0 7 9 1 3 5 0 0 2 9 1 2 1 1 1 9 0 2 M 1 183 3 0 0
1 8 9 1 6 1 1 8 3 3 1 4 0 6 3 1 0 0 1 5 7 0 0 0 9 5 4 5 5 1 3 1 1 0 1 9 0 2 M 2 1 8 3 3 0 0
1 8 9 1 6 2 1 0 3 3 1 4 0 6 3 1 0 7 8 5 8 2 3 0 9 5 4 5 5 1 3 1 1 0 1 9 0 3 4 (1 8 3 3 0 0
I 8 9 1 C 1 183 3 1 4 0 6 3 1 0 7 8 5 8 2 3 0 9 4 6 0 1 1 1 1 1 1 1 9 0 3 A 2 1 8 3 3 0 0
189  1 C 2 183 3 1 4 0 6 3 1 0 9 4 6 0 1 1 0 9 5 4 5 5 1 2 1 1 0 1 9 Q 3 B 1 1 83 3 0 0
1 8 9 9 A 1 1 8 3 3 0 0 1 6 3 9 0 0 1 5 7 0 0 0 0 2 6 6 7 5 1 2 1 2 ( 9 0 3 B 2 183 3 0 0
1 B 9 9 A 2 183 3 0 0 1 6 3 9 0 0 1 5 7 0 0 0 0 4 5 9 1 1 1 2 1 2 1 9 0 3 C 1 18 3 3 0 0
1 8 9 9 6 1 1 8 3 3 0 0 1 6 3 9 0 0 1 5 7 0 0 0 0 5 6 4 0 4 2 2 1 1 1 9 0 3 C 2 183 3 0 0
1 9 0 0 A 118 3 3 0 0 1 6 3 9 0 0 1 5 7 0 0 0 0 2 6 6 7 5 1 2 1 2 1 9 0 3 D 1 1 83 3 0 0
1 9 0 0 A 2 1 8 3 3 0 0 1 6 3 9 0 0 1 5 7 0 0 0 0 4 5 9 1 1 1 2 1 2 19Q 3 D 21 8 3 3 0 0
1 9 0 0 6 1 1 8 3 3 0 0 1 6 3 9 0 0 1 5 7 0 0 0 0 5 6 4 0 4 2 2 1 1 1 9 0 3 E 1183 3 0 0
1 9 0 0 0 2 1 8 3 3 0 0 1 6 3 9 0 7 8 S 8 2 3 0 8 6 6 7 0 7 3 1 1 1 1 9 0 3 E 2 1 8 3 3 0 0
1 9 0 0 F 2 1 8 3 3 0 0 1 6 3 9 0 8 6 6 7 0 7 1 2 4 1 5 2 1 2 1 1 1 1 9 0 2 F 1 183 3 0 0
1 9 0 0 G 1 183 3 0 0 1 6 3 9 0 8 6 6 7 0 7 3 6 0 6 7 1 5 4 1 1 1 1 9 0 3 F 2 183 3 0 0
1 9 0 0 G 2 1 8 3 3 0 0 1 6 3 9 0 8 6 6 7 0 7 3 6 3 6 7 1 8 1 1 2 1 1 9 0 3 G 1 183 3 0 0
1 9 0 0 H 1 103 3 0 0 1 6 3 9 0 8 6 6 7 0 7 1 5 0 6 6 2 0 2 1 2 1 1 9 0 3 G 2 1 8 3 3 0 0
1 9 0 0 H 2 1 83 3 0 0 1 6 3 9 0 8 6 6 7 0 7 1 4 6 6 7 1 9 4 1 1 0 1 9 0 3 H 1 183 3 0 0
1 9 0 0 1 1 1B3 3 0 0 1 6 3 9 0 8 6 6 7 0 7 1 4 9 6 7 2 0 4  110 1 9 0 3 H 2 183 3 0 0
1 9 0 0 J 1 1 83 3 0 0 1 6 3 9 0 B 6 6 7 0 7 1 6 8 0 0 4 3 3 1 1 0 1 9 0 3 1 1 1 8 3 3 0 0
Hb (continued)
6 3 9 0 8 6 6 7 0 7 1 7 4 2 0 6 6 3 1 1 0 1 9 0 3 1 2 8 3 3 0 0 1 6 3 9 0 7 8 5 8 2 3 0 8 0 4 8 4 7 ( 1 ( 1
6 3 9 0 8 6 6 7 0 7  125 2 3 0 7 3 1 1 0 1 9 0 3 J 1 8 3 3 0 0 1 6 3 9 0 7 8 5 8 2 3 0 7 9 5 9 7 0 1 1 1 1
6 3 9 0 8 6 6 7 0 7 3 6 2 6 7 1 7 4 1 1 0 1 9 0 3 J 2 8 3 3 0 0 1 6 3 0 0 7 9 5 8 2 3 0 8 1 3 1 16 M 11
6 3 9 0 8 6 6 7 0 7 1 4 0 4 4 7 3 4 1 1 0 I9 0 3 K 1 8 3 3 0 0 1 6 3 9 0 7 5 2 2 7 4 0 8 6 6 7 0 7 3 1 1 1
6 3 9 0 7 4 14 1 2 0 7 8 5 8 2 3 4 1 1 1 1 90 3 K 2 8 3 3 0 0 1 6 3 9 0 7 5 2 2 7 4 3 1 4 6 6 6 9 3 1 1 1
6 3 9 0 7 4 IB S  1 07 8 5 8 2 3 4 1 1 1 1 9 0 3 1 1 8 3 3 0 0 1 6 3 9 0 7 5 2 2 7 4 0 8 2 6 3 1 1 3 1 1 0
6 3 9 0 7 4 1 4 1 2 0 8 6 6 7 0 7 4 1 1 1 1 9 0 3 L 2 8 3 3 0 0 1 6 3 9 0 7 5 2 2 7 4 0 8 0 4 8 4 7 2 1 1 1
6 3 9 0 7 4 1 8 5 1 0 8 6 6 7 0 7 5 1 1 1 1903M 1 8 3 3 0 0 1 6 3 9 0 7 5 2 2 7 4 0 8 1 3 1 1 6 2 1 1 1
6 3 9 1 4 6 6 7 1 9 1 5 0 6 6 2 0 1 1 3 1 1903M 2 6 3 3 0 0 1 6 3 9 0 7 5 2 2 7 4 0 7 9 5 9 7 0 2 (1 1
6 3 9 1 4 6 6 7 1 9 3 6 3 6 7 1 8 ( 1 3 1 1903(41 8 3 3 0 0 1 6 3 9 0 8 6 6 7 0 7 3 1 4 6 6 6 9 1 1 1 1
6 3 9 1 5 0 6 6 2 0 3 6 3 6 7 1 8 1 1 1 1 1 90 3N 2 8 3 3 0 0 1 6 3 9 0 8 6 6 7 0 7 0 8 2 6 3 1 ( 1 ( 1 0
6 3 9 0 7 8 5 8 2 3 0 9 4 5 9 1 8 1 1 4 1 1 9 0 3 0 1 8 3 3 0 0 1 6 3 9 1 5 0 6 6 2 0 1 2 4 1 5 2 1 2 1 1 2
6 3 9 0 7 8 5 8 2 3 0 9 4 5 9 1 6 1 1 4 1 1 9 0 3 0 2 8 3 3 0 0 1 6 3 9 1 2 4 (5 2 1 3 5 9 6 7 1 4 1 2 1 1
6 3 9 0 1 7 6 7 7 1 0 5 5 6 7 6 4 3 1 1 1 190 3P 1 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 3 6 0 6 7 1 5 1 2 1 0
6 3 9 0 0 1 5 7 0 0 0 0 6 5 5 4 4 2 1 1 1 1 9 0 3 P 2 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 1 4 6 6 7 1 9 ( 2 1 0
6 3 9 0 5 5 6 7 6 4 0 7 4 1 8 5 1 2 1 2 1 1 9 0 3 0 1 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 1 7 4 2 0 6 6 t 2 ( 0
6 3 9 0 7 4 1 8 5 1 0 7 5 2 2 7 4 3 1 1 1 1 9 0 3 0 2 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 0 9 9 1 5 5 2 1 2 (2
6 3 9 0 7 4 1 8 5 1 0 9 4 5 9 1 8 3 1 1 1 I9 0 3 R 1 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 1 2 5 2 3 0 7 2 2 1 1
6 3 9 0 0 6 5 5 4 4 0 1 7 6 7 7 1 4 1 1 1 1 90 3R 2 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 1 4 9 6 7 2 0 3 2 1 0
6 3 9 0 9 4 5 9 1 8 0 7 5 2 2 7 4 2 1 2 1 1 9 0 3 $ 1 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 3 2 6 6 6 6 4 2 2 1 0
6 3 9 0 9 4 5 9 1 8 0 8 0 4 8 4 7 2 1 2 1 1 9 0 3 5 2 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 3 5 8 6 7 1 3 1 2 1  (
6 3 9 0 9 4 5 9 1 8 0 7 9 5 9 7 0 2 1 2 1 1 90 3T 1 6 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 1 9 9 4 8 4 3 1 2 1 1
6 3 9 0 9 4 5 9 1 8 0 8 2 € 3 1 1 3 1 1 0 1 9 0 3 T 2 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 1 8 1 2 5 8 1 2 2 1 0
6 3 9 0 9 4 5 9 1 8 3 1 4 6 6 6 9 2 1 1 1 1903U 1 8 3 3 0 0 1 6 3 1 1 2 4 1 5 2 1 1 8 0 0 6 4 9 2 2 1 0
6 3 9 0 9 4 S 9 1 8 0 9 S 4 5 5 1 1 1 1 0 190 3U 2 8 3 3 0 0 1 6 3 9 0 5 5 6 7 6 4 0 7 4 1 4 1 2 2 1 2 1
6 3 9 0 8 6 6 7 0 7 1 2 9 1 2 5 3 3 1 1 0 190 3V 1 8 3 3 0 0 1 6 3 9 0 7 4 1 4 ( 2 0 7 5 2 2 7 4 3 1 1 1
6 3 9 0 8 6 6 7 0 7 1 2 9 1 2 5 3 3 1 1 2 1 9 0 4 A 1 8 3 3 0 0 1 6 3 9 0 9 4 5 9 1 8 0 6 2 6 3 1 1 3 1 1 1
6 3 9 0 9 4 5 9 1 8 1 5 0 6 6 2 0 2 1 1 1 1 9 0 4 A 2 8 3 3 0 0 1 6 3 9 0 9 4 5 9 1 8 0 9 5 4 5 5 1 1 1 1 0
6 3 9 0 9 4 5 9 1 8 3 6 3 6 7 1 8 2 1 2 1 1 9 0 4 6 1 8 3 3 0 0 1 6 3 9 0 9 5 4 S 5 1 150 6 6 2 0 3 0 3 1
6 3 9 0 9 5 4 5 5 1 1 5 0 6 6 2 0 2 0 3 1 1 9 0 4 B 2 8 3 3 0 0 1 6 3 9 0 9 5 4 5 5 1 3 6 3 6 7 1 8 2 0 4 1
6 3 9 0 9 5 4 5 5 1 3 6 3 6 7 1 8 1 0 3 ( 1 9 0 4 C l 8 3 3 0 0 1 6 3 9 0 0 2 6 3 1 ( 1 5 0 6 6 2 0 1 1 2 1
6 3 9 0 7 8 5 8 2 3 1 5 0 6 6 2 0 2 1 1 1 1 90 4C 2 8 3 3 0 0 1 6 3 9 0 8 2 6 3 1 1 3 6 3 6 7 1 8 1 1 2 1
6 3 9 0 7 8 5 8 2 3 3 6 3 6 7 1 8 2 1 2 1 1904D 1 8 3 3 0 0 1 6 3 9 0 9 5 4 5 5 1 1 2 9 1 2 5 3 2 0 1 1
6 3 9 0 7 5 2 2 7 4  1 50 6 6 2 0 3 1 2 1 1 90 4D 2 8 3 3 0 0 1 6 3 9 0 7 8 5 8 2 3 1 2 4 1 5 2 1 3 1 1 1
6 3 9 0 7 5 2 2 7 4 3 6 3 6 7 1 8 3 1 2 1 1 904E 1 8 3 3 0 0 1 6 3 9 0 7 5 2 2 7 4  124 1 5 2 1 3 1 1 1
6 3 9 0 8 0 4 8 4 7 1 5 0 6 6 2 0 2 1 1 1 19Q 4E2 8 3 3 0 0 1 6 3 9 0 8 0 4 8 4 7 ( 2 4 1 5 2 1 3 1 1 1
6 3 9 0 8 0 4 8 4 7 3 6 3 6 7 1 8 2 1 1 1 1 90 4F 1 8 3 3 0 0 1 6 3 9 3 1 4 6 6 6 9 1 2 4 1 5 2 1 2 1 1 1
6 3 9 3 1 4 6 6 6 9 1 5 0 6 6 2 0 2 1 3 1 1 9 0 4 F 2 8 3 3 0 0 1 6 3 9 0 8 6 6 7 0 7 1 2 4 1 5 2 1 3 1 1 1
6 3 9 3 1 4 6 6 6 9 3 6 3 6 7 1 8 1 1 2 1 1904G 1 8 3 3 0 0 1 6 3 9 0 8 2 6 3 1 1 1 2 4 1 5 2 (1 0 1 1
6 3 9 0 8 2 6 3 1  1 5 0 6 6 2 0 1 0 3 1 1904H 1 8 3 3 0 0 1 6 3 9 0 8 6 6 7 0 7 0 9 9 1 5 5 2 2 1 1 1
6 3 9 0 8 2 6 3 1 1 3 6 3 6 7 1 8 1 0 2 1 I9 0 4 H 2 8 3 3 0 0 1 6 3 9 0 7 5 2 2 7 4 0 8 2 6 3 1 1 3 1 1 0
6 3 9 0 9 4 5 9 1 8 1 2 9 1 2 5 3 3 (1 1 (9 0 4 1 1 6 3 3 0 0 1 6 3 9 0 8 6 6 7 0 7 0 8 2 6 3 1 1 ( 0 1 0
6 3 9 0 7 8 5 8 2 3 1 2 9 1 2 5 3 2 1 1 1 1 9 0 4 1 2 8 3 3 0 0 1 6 3 9 1 5 0 6 6 2 0 1 2 4 1 5 2 1 2 1 1 1
6 3 9 0 7 5 2 2 7 4 1 2 9 1 2 5 3 3 (1 1 1 9 0 4 J  1 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 3 5 9 6 7 ( 4 1 1 1 1
6 3 9 0 8 0 4 8 4 7 1 2 9 1 2 5 3 3 1 1 1 1 90 4U 2 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 3 6 0  6 7 1 5 1 1 1 0
6 3 9 0 9 5 4 5 5 1 1 2 9 1 2 5 3 3 0 1 1 1 90 4K 1 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 1 4 6 6 7 1 9 1 ( 1 1
6 3 9 0 7 8 5 8 2 3 1 2 4 1 5 2 1 1 1 1 2 1 9 0 4 * 2 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 1 7 4 2 0 6 6 3 1 1 0
6 3 9 0 7 5 2 2 7 4 1 2 4 1 5 2 1 2 1 1 2 1 9 0 5 A t 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 0 9 9 1 S 5 2 1 1 10
6 3 9 0 8 0 4 8 4 7  124 1 5 2 1 2 1 1 2 1 9 0 5 A 2 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 1 2 5 2 3 0 7 2 1 1 0
6 3 9 3 1 4 6 6 6 9 1 2 4 1 5 2 1 1 1 1 2 1 9 0 5 8 1 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 1 4 9 6 7 2 0 2 1 1 1
6 3 9 0 8 6 6 7 0 7 1 2 4 1 5 2 1 1 1 1 2 1 9 0 5 B 2 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 3 2 6 6 6 6 4 2 1 1 1
6 3 9 0 8 2 6 3 1 1 1 2 4 1 5 2 1 ( 0 ( 2 1 9 0 5 C I 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 3 5 8 6 7 1 3 2 1 1 0
6 3 9 0 8 6 6 7 0 7 3 5 9 6 7 1 4 3 1 1 1 1 90 5C 2 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 1 9 9 4 8 4 3 2 1 1 1
6 3 9 0 8 6 6 7 0 7 3 2 6 6 6 6 4 4 1 ( 0 1905D 1 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 1 8 1 2 5 8 1 3 1 1 1
6 3 9 0 6 6 6 7 0 7 3 5 8 6 7 1 3 4 1 * 1 1 9 0 5 0 2 8 3 3 0 0 1 6 3 9 1 2 4 1 5 2 1 1 8 0 0 6 4 9 3 1 1 1
6 3 9 0 8 6 6 7 0 7 0 9 9 1 5 5 2 2 1 1 2 1 905E 1 8 3 3 0 0 1 6 3 9 0 0 1 5 7 0 0 0 0 2 6 6 7 5 1 1 1 1
6 3 9 0 8 6 6 7 0 7 1 9 9 4 8 4 3 3 1 1 1 1 90 5 E 2 8 3 3 0 0 1 6 3 9 0 0 1 5 7 0 0 0 0 4 5 9 1 1 1 1 1 2
6 3 9 0 7 8 5 8 2 3 0 7 5 2 2 7 4 1 1 1 1 1 9 0 5 F 1 8 3 3 0 0 1 6 3 9 0 0 1 5 7 0 0 0 0 5 6 4 0 4 2 2 1 1
Appendix Hb (continued)
1 9 0 5 F 2 1 S 3 3 0 0 1 6 3 9 0 0 1 5 7 0 0 0 0 6 5 5 4 4 1 1 1 1 1 9 0 6 8 2 1 8 3 3 0 0 1 6 3 9 0 5 3 4 8 7 0 0 7 4 t4  1 2 2 2 1 1 1 9 1 0 4 2 1 8 3 3 1 5 8 6 7 7 1 5 9 0 0 2 8 1 6 4 1 2 5 5 2 1 1 1
1 9 0 5 G 1 183 3 0 0 1 6 3 9 0 0 2 € 6 7 5 0 0 4 5 9 1 1 1 1 1 2 1 9 0 6 0 2 1 8 3 3 0 0 1 6 3 9 0 8 6 6 7 0 7 1 5 2 6 7 1 2 1 1 2 1 1 9 1 0 6 1 1 8 3 3 1 5 8 6 7 7 1 6 4 1 2 5 5 1 6 1 2 3 0 1 2 1 1 t
1 9 0 5 G 2 183 3 0 0 1 6 3 9 0 0 2 6 6 7 5 0 0 5 6 4 0 4 2 1 1 1 1 9 0 6 E 1 1 6 3 3 0 0 1 6 3 9 0 8 6 6 7 0 7 1 7 7 6 7 7 4 1 0 2 0 1 9 1 0 8 2 1 8 3 3 1 5 8 6 7 7  164 1 2 5 5 1 6 0 0 0 1 1 3 1 11
1 9 0 5 H 1 183 3 0 0 1 6 3 9 0 0 2 6 6 7 5 0 0 6 5 5 4 4  1111 1 9 0 6 E 2 183 3 0 O f 6 3 9 1 5 0 € 6 2 0 1 5 2 6 7 1 2 2 1 1 1 1 9 1 0 C 118 3 3 1 5 8 6 7 7 1 6 4 1 2 5 5 1 6 3 0 0 2 0 1 1 1 1
1 9 0 5 H 2 1 B 3 3 0 0 1 6 3 9 0 0 4 5 9 1 1 0 0 5 6 4 0 4 2 2 1 1 1 9 0 6 F 1 1 6 3 3 0 0 1 6 3 9 1 5 0 6 6 2 0 1 7 7 6 7 7 4 2 2 1 1 1 9 1 0 C 2 1 8 3 3 1 5 8 6 7 7 1 6 4 1 2 5 5 1 6 2 3 2 6 1 4 1 1 0
1 9 0 5 1 1 1 8 3 3 0 0 1 6 3 9 0 0 4 5 9 1 1 0 0 6 5 5 4 4 1 2 1 1 1 9 0 6 F 2 1 83 3 0 0 1 6 3 9 1 B 1 2 5 8 1 1 8 0 0 6 4 9 1 1 2 1 1 9 1 0 0 1 1 8 3 3 1 5 8 6 7 7 1 6 2 3 2 6 1 3 6 0 6 7 1 5 2 0 2 1
1 9 0 5 1 2 1 8 3 3 0 0 1 6 3 9 0 0 5 6 4 0 4 0 0 6 5 5 4 4 1 1 1 2 1 9 0 6 G 1 1 83 3 0 0 1 6 3 9 3 6 0 6 7 1 5 1 8 1 2 5 8 1 3 1 1 1 1 9 1 0 0 2 1 8 3 3 1 5 0 6 7 7 3 6 0 6 7 1 5 3 7 5 6 7 9 8 2 1 3 1
1 9 0 5 J 1 183 3 0 0 1 6 3 9 0 0 5 6 4 0 4 0 1 7 6 7 7 1 3 1 1 1 1 9 0 6 G 2 183 3 0 0 1 6 3 9 0 9 9 1 5 5 2 1 8 1 2 5 8 1 2 0 1 0 1 9 1 0 F 1 183 3 1 5 8 6 7 7 0 0 1 5 7 0 0 3 6 3 6 7  1 8 3 1 11
1 9 0 5 J 2 183 3 0 0 1 6 3 9 0 1 7 6 7 7 1 0 3 9 6 7 7 5 1 1 1 1 1 9 0 6 H 1 1 6 3 3 0 0 1 6 3 9 1 4 9 6 7 2 0 ( 8 1 2 5 8 1 1 1 1 1 1 9 1 0 F 2 1 8 3 3 1 5 8 6 7 7 0 0 1 5 7 0 0 1 5 0 6 6 2 0 2 7 3 1
1 9 0 5 K 1 183 3 0 0 1 6 3 9 0 1 7 6 7 7 1 0 3 4 5 8 5 1 1 1 1 t 1 9 0 6 H 2 1 8 3 3 0 0 1 6 3 9 1 6 8 0 0 4 3 1 8 1 2 5 B M 1 1 1 1 9 1 0 0 1 1 8 3 3 158 6 7 7 0 0 1 5 7 0 0 1 2 4 1 5 2 1 2 1 3 1
1 9 0 5 * 2 1 8 3 3 0 0 1 6 3 9 0 1 7 6 7 7 1 0 3 6 3 1 9 3  l i l t 1 9 0 6 1 1 1 8 3 3 0 0 1 6 3 9 1 2 5 2 3 0 7 1 8 1 2 5 8 1 1 1 1 1 1 9 1 0 G 2 183 3 1 5 8 6 7 7 0 0 1 5 7 0 0 0 9 4 5 9 ( 8 4 1 2 1
1 9 0 5 L 1 18 3 3 0 0 1 6 3 9 0 1 7 6 7 7 1 0 4 4 2 0 5 7 1 1 1 1 1 9 0 6 N 1 1 83 3 1 5 8 € 7 7 3 7 5 6 7 9 8 1 6 6 1 2 5 4 1 1 1 1 1 9 1 1 S 1 183 3 1 5 3 6 7 8 1 5 3 6 7 2 1 3 5 9 6 7 1 4 2 2 1 2
1 9 0 5 L 2 183 3 0 0 1 6 3 9 0 1 7 6 7 7  1 0 4 3 6 6 8 3 1 1 1 1 I9 0 6 N 2 183 3 1 5 8 6 7 7 1 6 6 1 2 5 4 1 5 7 1 4 1 3 2 1 1 1 1 9 1 1 T 1 183 3 1 5 3 6 7 8 3 5 9 6 7 1 4 3 5 6 6 7 0 9 3 2 1 1
1 9 0 5 M 1 163 3 0 0 1 6 3 9 0 4 4 2 0 5 7 0 4 3 6 6 8 3 1 2 1 1 1 9 0 6 0 1 1 8 3 3 1 5 8 6 7 7 1 5 7 1 4 1 3 0 0 1 5 7 0 0 4 1 1 0 1 9 1 1 U I 183 3 1 5 3 6 7 8 3 5 6 6 7 0 9 1 9 9 4 8 4 3 2 1 3 1
1 9 0 5 N 1 183 3 0 0 1 6 3 9 0 1 7 6 7 7 1 0 6 2 1 1 7 2 2 2 1 2 1 9 0 6 0 2 1 8 3 3 1 5 8 € 7 7 0 0 1 5 7 0 0 0 8 6 6 7 0 7 2 0 1 0 191 W I 1 8 3 3 1 5 3 6 7 8 1 9 9 4 8 4 3 1 7 4 2 0 6 6 4 1 1 1
1 9 0 5 N 2 183 3 0 0 1 6 3 9 0 1 7 6 7 7 1 0 4 9 6 1 6 5 2  111 1 9 0 6 P 1 1 8 3 3 1 5 8 6 7 7 0 0 1 5 7 0 0 3 6 3 6 7 1 8 3 0 1 1 1 9 1 2 4 1 1 8 3 3 0 0 1 6 3 9 0 0 1 5 6 9 9 0 0 2 6 6 7 4 1 1 1 1
1 9 0 5 0 1 1 8 3 3 0 0 1 6 3 9 0 4 9 6 1 6 5 0 5 1 1 4 6 0 1 1 1 1 1 9 0 6 P 2 1 83 3 1 5 6 6 7 7 0 0 1 5 7 0 0 1 5 0 6 6 2 0 2 0 3 1 1 9 1 2 4 2 1 8 3 3 0 0 1 6 3 9 0 0 1 5 6 9 9 0 0 3 6 8 0 7 1 1 1 1
1 9 0 5 0 2 1 8 3 3 0 0 1 6 3 9 0 4 9 6 1 6 5 0 6 6 6 6 8 4  1112 1 9 0 6 0 2 1 8 3 3 1 5 8 6 7 7 0 0 1 5 7 0 0 0 9 4 5 9 1 8 2 0 2 1 1 9 1 2 B I 183 3 0 0 1 6 3 9 0 0 1 5 6 9 9 0 0 4 5 9 1 3 1 1 1 1
1 9 0 5 P 1 1 83 3 0 0 1 6 3 9 0 4 9 6 1 6 5 0 6 2 1 1 7 2 1 1 1 1 1 9 0 8 4 1 1 8 3 3 0 0 1 6 3 9 0 0 1 5 6 9 9 0 0 2 6 6 7 4 1 1 1 1 1 9 1 2 B 2 183 3 0 0 1 6 3 9 0 0 1 5 6 9 9 0 0 5 6 4 0 1 2 1 1 1
1 9 0 5 0 1 1 6 3 3 0 0 1 6 3 9 0 4 9 6 1 6 5 0 5 5 6 7 6 4 2 1 1 1 1 9 0 8 4 2 1 8 3 3 0 0 1 6 3 9 0 0 1 5 6 9 9 0 0 3 6 8 0 7 1 1 1 1 1 9 1 2 C 1 183 3 0 0 1 6 3 9 0 0 1 5 6 9 9 3 1 5 6 4 4  1 11 11
1 9 0 5 0 2 1 8 3 3 0 0 1 6 3 9 0 4 9 6 1 6 5 0 6 1 2 0 2 3 1 1 1 2 ( 9 0 8 8 1 1 8 3 3 0 0 1 6 3 9 0 0 1 5 6 9 9 0 0 4 5 9 1 3 1 1 1 1 1 9 1 2 C 2 183 3 0 0 1 6 3 9 0 0 1 5 6 9 9 0 0 9 6 4 4 2 1 1 1 0
1 9 0 5 R 1 1 8 3 3 0 0 1 6 3 9 0 4 9 6 1 6 5 0 5 9 1 4 6 6 1 1 1 1 1 9 0 8 8 2 1 8 3 3 0 0 1 6 3 9 0 0 1 5 6 9 9 0 0 5 6 4 0 1 1 1 1 1 1 9 1 5 4 1 1 8 3 3 1 5 3 6 7 8 1 5 3 6 7 2 1 3 5 9 6 7 1 4 3 1 1 1
1 9 2 4 4 1 1 8 3 3 3 6 3 6 6 0 1 5 0 6 8 0 4  149 6 7 7 8 4  1 1 1 1 9 0 B C 1 16 3 3 0 0 1 6 3 9 0 0 1 5 6 9 9 3 1 5 6 4 4 1 1 1 1 1 1 9 1 5 4 2 1 0 3 3 1 5 3 6 7 8 3 5 9 6 7 1 4 3 5 6 6 7 0 9 5 1 1 1
1 9 2 4 4 2 1 8 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 4 8 6 7 7 9 5 1 1 1 1 9 0 8 C 2 1 8 3 3 0 0 1 € 3 9 0 0 1 5 6 9 9 0 0 9 6 4 4 2 1 1 1 0 1 9 1 5 B 1 183 3 1 5 3 6 7 8 3 5 9 6 7 1 4 3 5 6 6 7 9 9 5 1 1 1
1 9 2 4 B 1 183 3 3 6 3 6 6 0 1 5 0 6 8 0 4 3 6 5 6 7 8 0 4 1 1 1 1 9 0 8 0 1 1 8 3 3 0 0 1 6 3 9 0 1 7 6 7 7 1 0 6 6 6 6 0 4 2 1 1 0 1 9 1 5 B 2 183 3 1 5 3 6 7 8 3 5 6 6 7 0 9 3 5 6 6 7 9 9 1 1 1 1
1 9 2 4 B 2 183 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 4 0 6 7 2 3 3 1 ( 1 1 9 0 8 D 2 1 83 3 0 0 1 6 3 9 0 4 9 6 1 6 6 0 6 6 6 6 8 4 1 f 11 1 9 1 5 C I183 3 1 5 3 6 7 8 3 5 6 6 7 0 9  9 7 6 8 0 0 3 1 1 1
1 9 2 4 C 1 183 3 3 6 3 6 8 0 1 5 0 6 8 0 4 3 6 2 6 7 1 7 4 1 1 1 1 9 0 8 E 1 18 3 3 0 0 1 6 3 9 0 4 9 6 1 6 6 0 5 3 4 6 6 8 1 1 1 2 1 9 1 5 C 2 1 8 3 3 1 5 3 6 7 8 3 5 6 6 7 9 9  9 7 6 8 0 0 3 1 1 1
1 9 2 4 C 2 183 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 4 6 6 7  1 9 5 1 1 1 1 9 0 8 E 2 1 83 3 0 0 1 6 3 9 0 4 9 6 1 6 6 0 7 5 2 0 7 5 3 1 1 1 1 9 1 5 D 1 183 3 1 5 3 6 7 8  9 7 6 8 0 0 1 9 9 4 8 4 3 1 1 3 1
1 9 2 4 0 1 1 8 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 5 8 6 7 2 2 3 1 1 1 1 9 0 8 F 1 18 3 3 0 0 1 € 3 9 0 6 6 6 6 8 4 0 7 5 2 0 7 5 3 t 1 1 1 9 1 5 D 2 103 3 1 5 3 6 7 8 1 9 9 4 8 4 3 0 0 1 5 7 0 0 3 1 1 1
1 9 2 4 0 2 1 8 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 5 7 1 4 1 3 4 1 2 1 1 9 0 8 G 1 1 83 3 0 0 1 6 3 9 0 0 5 6 4 0 1 0 4 1 6 5 5 1 3 1 1 1 1 9 1 5 E 118 3 3 1 5 3 6 7 8 1 9 9 4 8 4 3 0 8 6 6 7 0 7 3 1 1 0
1 9 2 4 E 1 183 3 3 6 3 6 8 0 1 5 0 6 8 0 4 3 6 1 6 7 1 6 3 1 1 0 1 9 0 8 G 2 1 83 3 0 0 1 6 3 9 0 4 1 6 5 5 1 0 4 9 6 1 6 6 2 1 1 1 1 9 1 5 E 2 183 3 1 5 3 6 7 8 1 9 9 4 8 4 3 3 6 0 6 7 1 5 3 1 1 0
1 9 2 4 E 2 1 8 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 3 6 0 6 7 1 5 4 1 1 0 1 9 0 B H 1 1 83 3 0 0 1 6 3 9 0 5 3 4 8 6 8 0 7 5 2 0 7 5 2 2 1 1 1 9 1 5 F 1 183 3 1 5 3 6 7 8 1 9 9 4 8 4 3 1 5 7 1 4 1 3 3 1 2 1
1 9 2 4 F 1 1 8 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 6 6 1 2 5 4 2 1 1 1 1 9 0 8 H 2 1 83 3 0 0 1 6 3 9 0 5 3 4 8 6 8 0 7 5 2 0 7 5 2 2 1 1 1 9 1 5 F 2 183 3 1 5 3 6 7 6 1 9 9 4 0 4 3 1 6 8 0 0 4 3 4 1 1 1
1 9 2 4 F 2 183 3 3 6 3 6 B 0 1 5 0 6 8 0 4 1 7 6 1 1 6 1 5 1 1 1 1 9 0 9 4 2 1 8 3 3 1 5 8 6 7 7  163 0 0 2 0 1 6 0 0 0 1 1 1 1 1 2 1 9 I5 G 1 183 3 1 5 3 6 7 8 1 9 9 4 8 4 3 0 9 4 5 9 1 0 3 1 1 0
1 9 2 4 G 1 183 3 3 6 3 6 8 0 1 5 0 6 8 0 4 0 9 9 1 5 5 2 3 1 1 1 1 9 0 9 B 1 18 3 3 1 5 8 6 7 7 0 0 1 5 7 0 0 0 7 5 2 2 7 4 1 1 2 1 1 9 1 5 G 2 183 3 1 5 3 6 7 8 1 9 9 4 8 4 3 0 9 9 1 5 5 2 4 1 1 1
1 9 2 4 G 2 1 8 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 0 9 7 1 2 0 5 4 1 1 1 1 9 0 9 8 2 1 8 3 3 1 5 8 6 7 7 0 0 1 5 7 0 0 0 7 8 5 8 2 3 1 1 2 1 1 9 1 5 H 1 183 3 1 5 3 6 7 8 1 9 9 4 8 4 3 3 5 8 6 7 1 3 3 1 1 1
1 9 2 4 H 1 163 3 3 6 3 6 8 0 1 5 0 6 8 0 4 0 9 7 6 8 0 0 3 1 1 1 1 9 0 9 C 1 183 3 1 5 8 6 7 7 0 0 1 5 7 0 0 0 8 0 4 8 4 7 2 1 2 1 1 9 1 5 H 2 183 3 1 5 3 6 7 8 1 9 9 4 0 4 3 3 2 6 6 6 6 4 4 1 1 0
1 9 2 4 H 2 1 8 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 0 9 6 1 1 9 2 5 1 1 1 1 9 0 9 C 2 183 3 1 5 8 6 7 7 0 0 1 5 7 0 0 0 8 2 6 3 1 1 1 1 2 1 1 9 1 5 1 1 1 8 3 3 1 5 3 6 7 8 1 9 9 4 8 4 3 1 4 0 4 4 7 3 3 1 1 0
1 9 2 4 1 1 1 8 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 0 9 8 2 6 4 7 2 1 2 1 1 9 0 9 0 1 1 8 3 3 1 5 8 6 7 7 0 9 4 5 9 1 8 0 8 6 6 7 0 7 2 1 2 0 1 9 1 5 1 2 1 8 3 3 1 5 3 6 7 8 1 9 9 4 8 4 3 1 4 6 6 7 1 9 4 1 1 1
1 9 2 4 1 2 1 8 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 9 9 4 8 4 3 2 1 2 1 1 9 0 9 0 2 1 8 3 3 1 5 8 6 7 7 0 9 4 5 9 1 8 0 7 5 2 2 7 4 2 1 3 1 1 9 1 5 J 1 183 3 1 5 3 6 7 8 1 9 9 4 8 4 3 1 4 9 6 7 2 0 4 1 1 1
1 9 2 4 J 1 183 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 2 4 1 5 2 1 3 1 1 1 1 9 0 9 E 1 1 6 3 3 1 5 6 6 7 7 0 9 4 5 9 1 8 0 7 6 5 8 2 3 1 1 2 1 1 9 1 5 0 2 1 8 3 3 1 5 3 6 7 8 1 9 9 4 0 4 3 1 2 5 2 3 0 7 2 1 2 1
1 9 2 4 J 2 183 3 3 6 3 6 8 0 1 5 0 6 8 0 4 0 0 1 6 7 2 4 4 1 2 0 1 9 0 9 F 1 18 3 3 1 5 8 6 7 7 0 9 4 5 9 1 8 0 8 2 6 3 1 1 1 1 3 1 1 9 1 5 K 1 183 3 1 5 3 6 7 8 1 9 9 4 8 4 3 1 5 0 6 6 2 0 2 1 2 1
1 9 2 4 K 118 3 3 3 6 3 6 6 0 1 5 0 6 8 0 4 0 6 6 6 7 0 7 4 1 1 0 1 9 0 9 F 2 183 3 1 5 8 6 7 7 0 0 1 5 7 0 0 1 2 4 1 5 2 3 1 1 1 2 1 9 1 5 K 2 183 3 1 5 3 6 7 8 1 9 9 4 0 4 3 3 6 3 6 7 1 8 1 1 1 1
1 9 2 4 K 2 183 3 3 6 3 6 8 0 1 5 0 6 8 0 4 0 7 5 2 2 7 4 4 1 2 1 19 0 9 G 1 10 3 3 1 5 8 6 7 7 0 Q I 5 7 0 0 1 2 4 1 5 2 3 ( 0 1 2 1 9 1 5 L 1 183 3 1 5 3 6 7 8 1 9 9 4 0 4 3 1 7 7 6 7 7 4 3 1 2 1
1 9 2 4 L 1 18 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 3 6 2 6 7 7 1 3 1 2 0 19 0 9 G 2 183 3 1 5 8 6 7 7 1 5 0 6 6 2 0 3 6 3 6 7  1 8 3 1 1 1 1 9 1 5 1 2 1 8 3 3 1 5 3 6 7 8 1 9 9 4 6 4 3 1 5 2 6 7 1 2 4 1 1 1
1 9 2 4 L 2 183 3 3 6 3 6 8 0 1 5 0 6 8 0 4 0 4 9 6 1 6 5 4 1 2 1 1 9 0 9 H 1 183 3 1 5 8 6 7 7 1 5 0 6 6 2 0 1 7 7 6 7 7 4 3 1 1 0 1 9 1 S M 1 183 3 1 5 3 6 7 8 1 9 9 4 8 4 3 0 7 5 2 2 7 4 2 1 1 1
I9 2 4 M 1 183 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 7 4 2 0 6 6 5 1 1 1 1 9 0 9 H 2 183 3 1 5 8 6 7 7  1 50 6 6 2 0 1 5 2 6 7 1 2 3 1 1 1 1 9 I5 M 2 183 3 1 5 3 6 7 8 1 9 9 4 8 4 3 1 2 4 1 5 2 1 4 1 1 1
1 9 2 4 M 2 183 3 3 6 3 6 8 0 1 5 0 6 8 0 4 3 8 6 6 8 0 9 5 1 1 1 1 9 0 9 1 1 1 8 3 3 1 5 8 6 7 7 1 5 0 6 6 2 0 1 4 0 4 4 7 3 3 1 1 0 1 9 1 6 L 2 183 3 1 5 8 6 7 7 1 6 3 1 5 2 0 1 6 0 0 0 1 1 1 2 1 2
1 9 2 4 N 1 183 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 6 8 0 0 4 3 4 1 1 1 1 9 0 9 1 2 1 8 3 3 1 5 8 6 7 7 1 5 0 6 6 2 0 1 4 9 6 7 2 0 3 1 1 1 1 9 1 6 G 1 183 3 1 5 9 6 7 7 0 9 4 5 9 2 5 0 8 0 6 7 3 2 3 1 4 1
1 9 2 4 N 2 183 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 6 9 0 0 4 4 5 1 1 1 1 9 0 9 J 2 1 B 3 3 1 5 8 6 7 7 1 5 0 6 6 2 0 1 2 5 2 3 0 7 3 1 1 1 1 9 1 6 F 2 183 3 1 5 8 6 7 7 0 9 4 5 9 2 5 0 7 8 6 7 2 7 2 1 4 1
1 9 2 4 0 1 1 8 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 5 3 6 7 2 1 2 1 2 1 1 9 0 9 J 2 183 3 1 5 8 6 7 7 1 5 0 6 6 2 0 0 9 9 1 5 5 2 3 1 1 0 1 9 1 6 F 1 16 3 3 1 5 8 6 7 7 0 9 4 5 9 2 5 3 6 4 6 7 3 8 2 1 4 1
1 9 2 4 0 2 1 8 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 3 5 9 6 7 1 4 2 1 2 1 1 9 0 9 K 1 103 3 1 5 8 6 7 7 0 0 1 5 7 0 0 1 7 7 6 7 7 4 2 0 1 0 1 9 1 6 E 2 183 3 1 5 8 6 7 7 0 9 4 5 9 2 5 0 8 4 6 7 5 3 4 0 4 0
1 9 2 4 P 1 1 03 3 3 6 3 6 8 0 1 5 0 6 8 0 4 3 5 6 6 7 0 9 3 1 2 1 1 9 0 9 K 2 1 8 3 3 1 5 8 6 7 7 0 0 1 5 7 0 0 1 5 2 6 7 1 2 3  M l 1 9 1 6 D 2 1 8 3 3 1 5 8 6 7 7 ( 6 4 1 2 5 5 1 6 3 1 5 2 0 1 1 1 1
1 9 2 4 P 2 1 83 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 3 0 1 1 6 6 5 1 1 1 1 9 0 9 1 1 1 8 3 3 1 5 8 6 7 7 0 0 1 5 7 0 0 1 4 0 4 4 7 3 3 1 2 0 1 9 1 6 0 1 1 6 3 3 1 5 8 6 7 7 0 0 1 5 6 9 9 0 8 2 6 3 1 1 1 1 3 1
1 9 2 4 0 1 1 8 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 2 5 2 3 0 7 4 1 1 1 1 9 0 9 L 2 183 3 1 5 8 6 7 7 0 0 1 5 7 0 0 1 4 9 6 7 2 0 3 1 1 1 1 9 1 6 C 2 183 3 1 5 8 6 7 7 0 0 1 5 6 9 9 0 8 0 6 7 3 2 3 1 3 0
1 9 2 4 0 2 1 8 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 5 1 6 8 0 3 1 1 1 1 1 9 0 9 M 1 183 3 1 5 8 6 7 7 0 0 1 5 7 0 0 1 2 5 2 3 0 7 2 0 1 1 1 9 1 6 C 1 1 B 3 3 1 5 8 6 7 7 0 0 1 5 6 9 9 0 7 8 6 7 2 7 3 1 3 1
1 9 0 6 4 2 1 8 3 3 0 0 1 6 3 9 0 4 9 6 1 6 5 0 7 4 1 4 1 2 1 0 1 1 19G 9M 2163 3 1 5 8 6 7 7 0 0 1 5 7 0 0 0 9 9 1 5 5 2 2 1 1 1 1 9 1 6 B 2 183 3 1 5 8 6 7 7 0 0 1 5 6 9 9 3 6 4 6 7 3 8 1 1 3 1
1 9 0 6 8 1 1 8 3 3 0 0 1 6 3 9 0 6 6 6 6 8 4 0 7 4 1 4 1 2 2 2 1 1 1 9 1 0 A 1 103 3 1 5 8 6 7 7 1 5 8 6 7 2 2 1 5 9 0 0 2 8 1 1 1 1 1 9 1 6 B 1 183 3 1 5 8 6 7 7 0 0 1 5 6 9 9 0 9 4 5 9 2 5 4 1 3 1
Appendix Hb (continued)
1 9 1 6 * 2 1 8 3 3 1 5 6 6 7 7 0 0 1 5 6 9 9 0 8 4 6 7 5 3 3 1 2 0 1 9 2 3 1 2 1 8 3 3 3 6 3 6 8 0 1 5 2 6 7  12 148 6 7 7 9 5 1 1 1 1 9 2 7 0 2 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 5 7 1 4 1 3 2 0 3 0
1 9 1 6 * 1 1 8 3 3 1 5 8 6 7 7 0 0 1 5 6 9 9 0 8 4 6 7 5 3 3 1 2 0 1 9 2 3 J 1 183 3 3 6 3 6 8 0 1 5 2 6 7  1 2 3 6 5 6 7 8 0 4 1 1 0 1 9 2 7 0 1 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 5 8 6 7 2 2 3 0 2 0
1 9 1 7 * 2 1 8 3 3 1 5 3 6 7 8 1 9 8 4 8 3 9 1 9 9 4 8 4 3 1 1 1 1 1 9 2 3 J 2 183 3 3 6 3 6 8 0 1 5 2 6 7 1 2 1 4 0 6 7 2 3 5 1 3 1 1 9 2 7 C 2 1 83 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 4 6 6 7 1 9 3 0 2 0
1 9 1 7 6 2 1 8 3 3 1 5 3 6 7 8 3 5 6 6 7 9 9 1 9 8 4 8 3 9 1 1 1 1 1 9 2 3 K 1 1 8 3 3 3 6 3 6 8 0 1 5 2 6 7 1 2 3 6 2 6 7 1 7 3 1 1 1 1 9 2 7 C 1 103 3 1 5 2 6 7 9 1 7 7 6 7 7 4 3 6 2 6 7 1 7 3 Q 1 0
1 9 1 7 C f 183 3 1 5 3 6 7 8 0 0 1 5 7 0 0 0 8 6 6 7 0 7 2 0 2 0 1 9 2 3 K 2 183 3 3 6 3 6 8 0 1 5 2 6 7 1 2 1 4 6 6 7 1 9 5 1 1 1 1 9 2 7 6 2 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 4 0 6 7 2 3 3 0 2 0
1 9 1 7 C 2 183 3 1 5 3 6 7 8 0 0 1 5 7 0 0 0 7 5 2 2 7 4 2 1 2 1 1 9 2 3 L 1 183 3 3 6 3 6 8 0 1 5 2 6 7 1 2 1 5 8 6 7 2 2 4 1 3 0 1 9 2 7 B 1 183 3 1 5 2 6 7 9 1 7 7 6 7 7 4 3 6 5 6 7 8 0 3 0 1 0
< 9 1 7 D 118 3 3 1 5 3 6 7 8 0 0 1 5 7 0 0 0 9 4 5 9 1 8 3 0 1 0 1 9 2 3 L 2 183 3 3 6 3 6 8 0 1 5 2 6 7 1 2 1 7 6 1 1 6 1 4 1 1 1 1 9 2 7 * 2 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 4 8 6 7 7 9 3 0 1 0
1 9 1 7 D 2 1 B 3 3 1 5 3 6 7 8 0 9 7 6 8 0 0 0 0 1 5 7 0 0 H 3 0 1 9 2 3 M 1 1 8 3 3 3 6 3 6 8 0 1 5 2 6 7 1 2 0 9 9 1 5 5 2 3 1 1 1 1 9 2 7 * 1 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 4 9 6 7 7 8 2 1 1 0
1 9 1 7 E 1 1 8 3 3 1 5 3 6 7 8 0 9 7 6 6 0 0 0 6 6 6 7 0 7 1 1 2 0 1 9 2 3 M 2 183 3 3 6 3 6 8 0 1 5 2 6 7 1 2 1 9 9 4 8 4 3 3 1 4 1 1 9 2 5 * 1 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 1 8 1 7 7 6 7 7 4 2 1 1 1
1 9 1 7 E 2 183 3 1 5 3 6 7 8 0 9 7 6 8 0 0 3 6 0 6 7  IS  1131 1 9 2 3 N 1 183 3 3 6 3 6 8 0 1 5 2 6 7 1 2 1 2 4 1 5 2 1 5 1 3 1 1 9 2 5 * 2 1 8 3 3 1 5 2 6 7 9 1 5 0 6 8 0 4 1 7 7 6 7 7 4 4 1 2 1
1 9 I 7 F 118 3 3 1 5 3 6 7 8 0 9 7 6 8 0 0 1 5 7 1 4 1 3 1 1 4 1 1 9 2 3 N 2 183 3 3 6 3 6 8 0 1 5 2 6 7 1 2 0 0 1 6 7 2 4 4 1 4 0 1 9 2 5 B 1 183 3 1 5 2 6 7 9 1 5 0 6 8 0 4 3 6 3 6 7  162 121
1 9 1 7 F 2 1 8 3 3 1 5 3 6 7 8 0 9 7 6 8 0 0 1 6 B 0 0 4 3 1 1 2 1 1 9 2 3 0 1 1 8 3 3 3 6 3 6 8 0 1 5 2 6 7 1 2 1 7 4 2 0 6 6 4 1 3 1 I 9 2 5 B 2 183 3 1 5 2 6 7 9 1 5 1 6 8 0 3 3 6 3 6 7 1 8 2 1 1 1
1 9 1 7 G 1 183 3 1 5 3 6 7 8 0 9 7 6 8 0 0 0 9 4 5 9 1 8 1 1 1 0 1 9 2 3 0 2 1 0 3 3 3 6 3 6 8 0 1 5 2 6 7 1 2 1 5 3 6 7 2 1 1 1 2 1 1 9 2 5 C 1 183 3 1 5 2 6 7 9 1 5 1 6 0 0 3 1 5 0 6 8 0 4 1 1 1 1
1 9 1 7 L 2 1 8 3 3 1 5 3 6 7 8 0 9 7 6 0 0 0 0 9 9 1 5 5 2 1 1 1 1 1 9 2 3 P 1103 3 3 6 3 6 8 0 1 5 2 6 7 1 2 1 3 0 1 1 6 6 3 1 1 0 1 9 2 5 C 2 183 3 1 5 2 6 7 9 3 6 3 6 7 7 0 1 4 9 6 7 7 8 5 1 1 1
1 9 1 7 H 1 1 83 3 1 5 3 6 7 8 0 9 7 6 8 0 0 3 5 8 6 7 1 3 1 1 3 1 1 9 2 3 P 2 183 3 3 6 3 6 8 0 1 5 2 6 7  12 125 2 3 0 7 2 1 1 0 1 9 2 5 D 1 (8 3 3 1 5 2 6 7 9 3 6 3 6 7 7 6 1 4 8 6 7 7 9 5 1 1 1
1 9 1 7 H 2 1 83 3 1 5 3 6 7 8 0 9 7 6 8 0 0 3 2 6 6 6 6 4 2 1 1 0 1 9 2 6 * 1 1 8 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 1 4 9 6 7 7 8 4 1 1 0 1 9 2 5 0 2 1 8 3 3 ( 5 2 6 7 9 3 6 3 6 7 7 8 3 6 5 6 7 8 0 5 1 1 1
1 9 1 7 1 1 1 8 3 3 1 5 3 6 7 8 0 9 7 6 8 0 0 1 4 0 4 4 7 3 1 1 2 1 1 9 2 6 * 2 1 8 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 1 4 8 6 7 7 9 5 1 1 1 1 9 2 5 E 1 18 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 1 4 0 6 7 2 3 2 1 1 1
1 9 1 7 1 2 1 8 3 3 1 5 3 6 7 8 0 9 7 6 B 0 0 1 4 6 6 7 1 9 1 1 3 0 1 9 2 6 B 1 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 3 6 5 6 7 8 0 4 1 1 0 1 9 2 5 E 2 1 83 3 1 5 2 6 7 9 3 6 3 6 7 7 8 3 6 2 6 7 1 7 5 1 1 1
1 9 1 7 J 1 183 3 1 5 3 6 7 8 0 9 7 6 8 0 0 1 4 9 6 7 2 0 1 1 1 0 1 9 2 6 8 2 1 8 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 1 4 0 6 7 2 3 4 1 1 1 1 9 2 S F 1 1 0 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 1 4 6 6 7 1 9 3 1 1 1
1 9 1 7 J 2 1 8 3 3 1 5 3 6 7 8 0 9 7 6 8 0 0 1 2 5 2 3 0 7 1 1 3 1 1 9 2 6 C 1 1 8 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 3 6 2 6 7 1 7 4 1 1 0 1 9 2 5 F 2 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 1 5 8 6 7 2 2 3 1 1 0
I 9 1 7 K 1 183 3 1 5 3 6 7 8 0 9 7 6 8 0 0 1 5 0 6 6 2 0 1 1 3 1 1 9 2 6 C 2 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 1 4 6 6 7 1 9 5 1 1 1 1 9 2 5 G 1 1 83 3 1 5 2 6 7 9 3 6 3 6 7 7 8  157 1 4 1 3 2 1 1 1
1 9 1 7 K 2 1 8 3 3 1 5 3 6 7 8 0 9 7 6 8 0 0 3 6 3 6 7 1 8 1 1 3 1 1 9 2 6 D 118 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 1 5 8 6 7 2 2 4 1 1 0 1 9 2 5 G 2 1 83 3 1 5 2 6 7 9 3 6 3 6 7 7 8 3 6 1 6 7 1 6 3 1 1 0
1 9 1 7 L 1 1 8 3 3 1 5 3 6 7 8 0 9 7 6 8 0 0 1 7 7 6 7 7 4 1 1 3 1 (0 2 6 0 2 1 8 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 1 5 7 1 4 1 3 3 1 2 1 1 9 2 5 H 1 1 83 3 1 5 2 6 7 9 3 6 3 6 7 7 8 3 6 0 6 7 1 5 3 1 1 0
1 9 1 7 L 2 1 8 3 3 1 5 3 6 7 6 0 9 7 6 8 0 0 1 5 2 6 7 1 2 1 1 2 1 192 6E  118 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 3 6 1 6 7 1 6 3 1 1 0 1 9 2 5 H 2 1 83 3 1 5 2 6 7 9 3 6 3 6 7 7 8 1 6 6 1 2 5 4 3 1 1 1
1 9 1 7 M 1 183 3 1 5 3 6 7 8 0 9 7 6 8 0 0 0 7 5 2 2 7 4 1 1 3 1 1 9 2 6 E 2 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 3 6 0 6 7 1 5 3 1 1 0 1 9 2 5 1 1 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 1 7 6 1 1 6 1 4 1 1 1
1 9 1 7 M 2 1 8 3 3 1 5 3 6 7 8 0 9 7 6 8 0 0 1 2 4 1 5 2 1 1 1 2 1 1 9 2 G F 118 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 1 6 6 1 2 5 4 3 1 2 1 1 9 2 5 1 2 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 0 9 9 1 5 5 2 3 1 1 1
1 9 1 8 * 1 1 8 3 3 0 0 1 6 3 9 0 0 5 6 4 0 4 0 1 7 6 7 7 1 2 1 1 1 1 9 2 6 F 2 1 8 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 1 7 6 1 1 6 1 4 1 1 1 1 9 2 5 J 1 183 3 1 5 2 6 7 9 3 6 3 6 7 7 8 0 9 7 1 2 0 5 3 1 1 1
1 9 1 8 * 2 1 8 3 3 0 0 1 6 3 9 0 1 7 6 7 7 1 0 4 9 6 1 6 5 2 1 1 1 1 9 2 6 G 1 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 0 9 9 1 5 5 2 3 1 1 1 1 9 2 5 J 2 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 0 9 7 6 8 0 0 3 1 1 1
1 9 I 8 B 1 163 3 0 0 1 6 3 9 0 4 9 6 1 6 5 0 7 4 1 4 1 2 2 1 1 1 1 9 2 6 G 2 1 8 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 0 9 7 1 2 0 5 4 1 1 1 1 9 2 5 K 1 183 3 1 5 2 6 7 9 3 6 3 6 7 7 8 0 9 6 1 1 9 2 2 1 1 1
1 9 1 8 B 2 1 8 3 3 0 0 1 6 3 9 0 7 4 1 4 1 2 0 7 5 2 2 7 4 3 1 1 1 1 9 2 6 H I183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 0 9 7 6 8 0 0 3 1 2 1 1 9 2 5 K 2 1 83 3 1 5 2 6 7 9 3 6 3 6 7 7 8 0 9 8 2 6 4 7 3 1 1 0
1 9 1 8 C 1 183 3 0 0 1 6 3 9 0 7 5 2 2 7 4 0 8 6 6 7 0 7 3 1 1 1 1 9 2 6 H 2 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 0 9 6 1 1 9 2 3 1 2 1 1 9 2 5 L 1 1 83 3 1 5 2 6 7 9 3 6 3 6 7 7 8 1 9 9 4 8 4 3 2 1 2 1
19 1 8 C 2 183 3 0 0 1 6 3 9 0 7 5 2 2 7 4 0 9 4 5 9 1 8 3 1 1 1 1 9 2 6 1 1 1 8 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 0 9 8 2 6 4 7 3 1 1 0 1 9 2 5 1 2 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 1 2 4 1 5 2 1 5 1 1 1
1 9 2 2 * 1 1 8 3 3 3 6 3 6 8 0 3 6 3 6 7 1 8 1 5 0 6 8 0 4 5 1 1 1 1 9 2 6 1 2 1 8 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 1 9 9 4 8 4 3 3 1 2 1 1 9 2 S M 1 183 3 1 5 2 6 7 9 3 6 3 6 7 7 8 0 0 1 6 7 2 4 3 1 1 0
1 9 2 2 B 1 1 83 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 5 1 6 8 0 3 1 1 1 1 1 9 2 6 J 1 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 1 2 4 1 5 2 1 4 1 1 1 1 9 2 5 M 2 1 83 3 1 5 2 6 7 9 3 6 3 6 7 7 0 0 8 6 6 7 0 7 5 1 1 0
1 9 2 2 B 2 1 83 3 3 6 3 6 8 0 1 5 0 6 8 0 4 1 7 7 6 7 7 4 5 1 1 1 1 9 2 6 J 2 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 0 0 1 6 7 2 4 4 1 1 0 1 9 2 5 N 1 1 83 3 1 5 2 6 7 9 3 6 3 6 7 7 8 0 7 5 2 2 7 4 2 1 2 1
1 9 2 2 C 1 18 3 3 3 6 3 6 8 0 1 5 0 6 8 0 4  152 6 7 1 2 4  131 1 9 2 6 K 1 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 0 8 6 6 7 0 7 3 1 1 0 1 9 2 S N 2 1 83 3 1 5 2 6 7 9 3 6 3 6 7 7 8 3 6 2 6 7 7 1 2 1 1 0
1 9 2 2 C 2 1 83 3 3 6 3 6 8 0 1 7 7 6 7 7 4 1 5 2 6 7 1 2 3 1 3 1 1 9 2 6 K 2 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 0 7 5 2 2 7 4 3 1 3 1 1 9 2 5 0 1 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 0 4 9 6 1 6 5 4 1 1 0
1 9 2 2 D 1 183 3 3 6 3 6 B 0 1 5 2 6 7 1 2 1 4 9 6 7 2 0 4 1 2 0 1 9 2 6 1 1 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 0 1 7 6 7 7 1 2 1 1 0 1 9 2 5 0 2 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 7 0 1 7 4 2 0 6 6 5 1 1 0
1 9 2 2 D 2 183 3 3 6 3 6 8 0 1 7 7 6 7 7 4 1 4 9 6 7 2 0 3 1 2 0 1 9 2 6 L 2 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 0 4 9 6 1 6 5 4 1 1 0 1 9 2 5 P 1 1 83 3 1 5 2 6 7 9 3 6 3 6 7 7 8 3 8 6 6 8 0 9 5 1 0 0
1 9 1 9 * 1 1 8 3 3 1 5 8 6 7 7 1 5 7 1 4 1 3 3 6 1 6 7 1 6 1 1 2 1 1 9 2 6 M 1 183 3 1 5 2 6 7 9 1 S 0 6 6 2 0 1 7 4 2 0 6 6 4 1 1 0 1 9 2 5 P 2 1 83 3 1 5 2 6 7 9 3 6 3 6 7 7 8 1 6 8 0 0 4 3 5 1 1 0
1 9 1 9 B 1 183 3 1 5 8 6 7 7 1 5 7 1 4 1 3 3 7 5 6 7 9 8 1 1 3 1 1 9 2 6 M 2 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 3 6 6 6 8 0 9 4 1 0 0 1 9 2 5 0 1 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 1 6 9 0 0 4 4 4 1 1 0
1 9 2 3 * 1 1 8 3 3 3 6 3 6 8 0 1 7 7 6 7 7 4 1 4 9 6 7 7 8 4 1 4 1 1 9 2 6 N 1 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 1 6 8 0 0 4 3 4  110 1 9 2 5 Q 2 1 B 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 1 5 3 6 7 2 1 4 1 2 1
1 9 2 3 * 2 1 8 3 3 3 6 3 6 8 0 1 7 7 6 7 7 4 1 4 8 6 7 7 9 3 1 2 1 1 9 2 6 N 2 183 3 1 5 2 6 7 9 1 5 0 6 6 2 0 1 6 9 0 0 4 4 4 1 1 0 1 9 2 5 8 1 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 3 5 9 6 7 1 4 3 1 2 1
1 9 7 3 8 1 1 8 3 3 3 6 3 6 8 0 1 7 7 6 7 7 4 3 6 5 6 7 8 0 3 1 1 0 1 9 2 6 0 1 1 8 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 1 5 3 6 7 2 1 4  120 I9 2 5 R 2 1 0 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 3 5 6 6 7 0 9 5 1 2 1
1 9 2 3 B 2 1 8 3 3 3 6 3 6 8 0 1 7 7 6 7 7 4 1 4 0 6 7 2 3 2 1 3 1 1 9 2 6 0 2 1 8 3 3 1 5 2 6 7 9 1 5 0 6 6 2 0 3 5 9 6 7 1 4 4  120 1 9 2 5 5 1 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 1 3 0 1 1 6 6 3 1 1 0
1 9 2 3 0 1 1 8 3 3 3 6 3 6 8 0 1 7 7 6 7 7 4 3 6 2 6 7 1 7 3 1 2 1 1 9 2 6 P 1 183 3 1 5 2 6 7 9 1 5 0 6 8 0 4 3 5 6 6 7 0 9 4 0 2 0 1 9 2 5 5 2 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 7 8 1 2 5 2 3 0 7 4 1 1 1
1 9 2 3 C 2 1 8 3 3 3 6 3 6 8 0 1 7 7 6 7 7 4 1 4 6 6 7 1 9 3 1 2 1 1 9 2 6 P 2 183 3 1 5 2 6 7 9 1 5 0 6 8 0 4 1 3 0 1 1 6 6 4 0 1 0 1 9 2 7 H 2 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 0 9 6 1 1 9 2 3 0 3 1
1 9 2 3 0 1 1 8 3 3 3 6 3 6 8 0 1 7 7 6 7 7 4 1 5 8 6 7 2 2 2 1 3 0 1 9 2 6 0 1 1 8 3 3 1 5 2 6 7 9 1 5 0 6 8 0 4 1 2 5 2 3 0 7 4 0 1 0 I 9 2 7 J 1 1 0 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 2 4 1 5 2 1 2 1 1 1
1 9 2 3 0 2 1 8 3 3 3 6 3 6 8 0 1 7 7 6 7 7 4 1 7 6 1 1 6 1 3 1 2 1 1 9 2 6 Q 2 183 3 1 5 2 6 7 9 1 5 0 6 8 0 4 1 5 1 6 0 0 3 1 0 1 0 1 9 2 7 J 2 183 3 1 5 2 6 7 9 1 7 7 6 7 7 4 0 0 1 6 7 2 4 2 0 2 0
1 9 2 3 E 1 1 8 3 3 3 6 3 6 8 0 1 7 7 6 7 7 4 0 9 9 1 5 5 2 2 1 3 1 1 9 2 6 R I183 3 1 5 2 6 7 9 0 7 5 2 2 7 4 0 7 4 1 B 5 1 2 1 1 0 1 9 2 7 K 1 183 3 1 5 2 6 7 9 1 7 7 6 7 7 4 0 8 6 6 7 0 7 2 0 2 0
1 9 2 3 E 2 1 0 3 3 3 6 3 6 8 0 1 7 7 6 7 7 4 1 9 9 4 8 4 3 2 1 5 1 1 9 2 6 R 2 183 3 3 6 3 6 8 0 0 7 5 2 2 7 4 0 7 4 1 8 5 1 2 1 1 1 1 9 2 7 K 2 183 3 1 5 2 6 7 9 1 7 7 6 7 7 4 0 7 5 2 2 7 4 1 0 3 1
1 9 2 3 F 1 1 8 3 3 3 6 3 € 8 0 1 7 7 6 7 7 4  124 1 5 2 1 1 1 3 2 1 9 2 7 H 1 183 3 1 5 2 6 7 9 1 7 7 6 7 7 4 0 9 7 6 8 0 0 2 0 1 1 1 9 2 7 U 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 0 1 7 6 7 7 1 2 0 3 0
1 9 2 3 F 2 1 8 3 3 3 6 3 6 B 0 1 7 7 6 7 7 4 0 0 1 6 7 2 4 1 0 3 0 1 9 2 7 G 2 183 3 1 5 2 6 7 9 1 7 7 6 7 7 4 0 9 7 1 2 0 5 3 1 2 1 1 9 2 7 L 2  tS 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 0 4 9 6 1 6 5 3 1 3 0
1 9 2 3 G 1 183 3 3 6 3 6 8 0 1 7 7 6 7 7 4 1 7 4 2 0 6 6 2 1 3 1 1 9 2 7 G 1 163 3 1 5 2 6 7 9 1 7 7 6 7 7 4 0 9 9 1 5 5 2 2 1 2 2 1 92 7*1 1 18 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 7 4 2 0 6 6 3 0 ( 0
1 9 2 3 G 2 1 8 3 3 3 6 3 6 8 0 1 7 7 6 7 7 4  153 6 7 2 1 1 1 2 1 1 9 2 7 F 2 183 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 7 6 1 1 6 1 4 0 2 1 1927142183 3 1 5 2 6 7 9 1 7 7 6 7 7 4 3 8 6 6 8 0 9 4 1 1 0
1 9 2 3 H 1 183 3 3 6 3 6 8 0 1 7 7 6 7 7 4 1 3 0 1 1 6 6 2 0 4 0 1 9 2 7 F 1 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 6 6 1 2 5 4 2 1 3 1 1 9 2 7 N 1 1 83 3 1 5 2 6 7 9 1 7 7 6 7 7 4 ( 6 8 4 3 3 1 1 0
1 9 2 3 H 2 183 3 3 6 3 6 8 0 1 7 7 6 7 7 4 1 2 5 2 3 0 7 2 1 2 1 1 9 2 7 E 2 183 3 1 5 2 6 7 9 1 7 7 6 7 7 4 3 6 0 6 7 1 5 3 0 2 0 1 9 2 7 N 2 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4  169 4 4 3 1 1 0
1 9 3 3 7 1 1 8 3 3 3 6 3 6 8 0 1 5 2 6 7 1 2 1 4 9 6 7 7 8 4 1 2 1 1 9 2 7 E 1 1 0 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 3 6 1 6 7 1 6 2 0 2 0 1 9 2 7 0 1 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 ( 5 3 6 7 2 1 2 0 2 0
Appendix Hb (continued)
1 9 2 7 0 2 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 3 5 9 6 7 1 4 3 1 2 T 1 9 3 1 U 1 1 8 3 3 1 4 9 6 8 6 0 0 1 5 7 0 0 0 7 0 5 8 2 3 1 1 2 1
1 9 2 7 P 1 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 2 5 2 3 0 7 3 0 1 0 1 9 3 1 U 2 1 8 3 3 1 4 9 6 8 6 0 0 1 5 7 0 0 0 9 4 5 9 1 8 1 1 2 1
1 9 2 7 P 2 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 5 3 6 7 2  1 4 1 2 1 1 9 3 1 V 1 1 8 3 3 1 4 9 6 8 6 0 0 1 5 7 0 0 1 5 3 6 7 2 1 3 1 2 1
1 9 2 7 Q I 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 9 9 4 8 4 3 3 0 3 0 1 9 3 2 * 1 1 8 3 3 1 4 9 6 8 6 1 4 9 6 7 7 8 1 4 8 6 7 7 9 4 1 1 1
1 9 2 7 0 J 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 0 7 5 2 2 7 4 2 0 5 1 1 9 3 2 * 2 1 8 3 3 1 4 9 6 8 6 1 4 9 6 7 7 8 1 4 8 6 7 7 9 5 1 1 1
1 9 2 1 * 1 1 8 3 3 1 5 2 6 7 9 1 5 2 6 7 1 2 1 5 1 6 8 0 4 5 1 1 1 1 9 3 2 B 1 1 6 3 3 1 4 9 6 8 6 1 4 8 6 7 8 0 1 4 9 6 7 7 9 2 1 2 1
1 9 2 1 * 2 1 8 3 3 1 5 2 6 7 9 1 5 0 6 8 0 4 1 5 1 6 8 0 4 1 1 1 1 1 9 3 2 B 2 1 8 3 3 1 4 9 6 8 6 1 4 8 6 7 8 0 1 4 6 6 7 1 9 4 1 1 0
1 9 2 1 B 1 1 8 3 3 1 5 2 6 7 9 1 5 0 6 8 0 4 1 7 7 6 7 7 4 3 1 1 0 1 9 3 2 C 1 1 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 1 4 0 6 7 2 3 3 1 1 1
1 9 2 1 6 2 1 8 3 3 1 5 2 6 7 9 1 5 0 6 8 0 4 3 6 3 6 7 1 8 2 1 1 1 1 9 3 2 C 2 I 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 1 7 6 1 1 6 1 3 1 1 1
1 9 2 1 C 1 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 3 6 3 6 7 1 8 1 0 2 1 1 9 3 2 0 1 1 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 1 5 0 6 6 2 0 3 1 1 1
1 9 2 1 C 2 1 8 3 3 1 5 2 6 7 9 1 5 0 6 8 0 4 1 4 9 6 7 2 0 5 1 1 1 1 9 3 2 D 2 1 B 3 3 1 4 9 6 8 6 3 6 5 6 7 6 0 3 6 3 6 7 1 8 4 1 t 1
1 9 2 1 0 1 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 4 9 6 7 2 0 3 0 1 0 1 9 3 2 E 1 1 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 0 7 5 2 2 7 4 3 1 1 0
1 9 2 1 0 2 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7  IB  1 4 9 6 7 2 0 5 1 1 0 1 9 3 2 E 2 1 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 1 9 9 4 8 4 3 3 1 1 1
1 9 2 1 E 1 1 6 3 3 1 5 2 6 7 9 1 5 0 6 8 0 4 1 4 8 6 7 7 9 5 1 1 0 1 9 3 2 F 1 1 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 0 0 1 5 7 0 0 4 1 1 1
1 9 2 1 E 2 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 1 4 8 6 7 7 9 4 0 1 0 1 9 3 2 F 2 1 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 1 6 8 0 0 4 3 4 1 1 1
1 9 2  I F  1 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 1 8 1 4 8 6 7 7 9 4 1 1 0 1 9 3 2 G 1 1 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 3 6 0 6 7 1 5 3 1 1 1
1 9 2 1 F 2 1 8 3 3 1 5 2 6 7 9 1 5 0 6 8 0 4 3 6 5 6 7 8 0 5 1 1 0 1 9 3 2 G 2 1 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 1 5 7 1 4 1 3 3 1 1 1
1 9 2 1 G I 1 8 3 3 1 5 2 6 7 9 1 7 7 6 7 7 4 3 6 5 6 7 8 0 3 0 1 0 1 9 3 2 H 1 1 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 1 5 3 6 7 2 1 4 1 1 1
1 9 2 1 G 2 1 8 3 3 1 5 2 6 7 9 3 6 3 6 7 1 8 3 6 5 6 7 8 0 5 1 1 0 1 9 3 2 H 2 1 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 0 9 9 1 5 5 2 5 2 1 1
1 9 2 1 H 1 1 8 3 3 1 5 2 6 7 9 1 4 9 6 7 2 0 1 4 0 6 7 2 3 1 0 3 1 1 9 3 2 1 2 1 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 0 9 5 4 5 5 1 3 1 1 0
1 9 2 9 4 1 1 8 3 3 0 0 1 6 3 9 1 5 0 6 6 2 0 1 9 9 4 8 4 3 3 1 1 0 1 9 3 2 J 1 1 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 1 2 5 2 3 0 7 4 1 1 0
1 9 2 9 4 2 1 8 3 3 0 0 1 6 3 9 3 6 3 6 7 1 8 1 9 9 4 8 4 3 3 1 1 0 1 9 3 2 J 2 1 8 3 3 1 4 9 6 6 6 3 6 5 6 7 6 0 1 2 4 1 5 2 1 4 1 1 2
1 9 2 9 B I 1 8 3 3 1 4 0 6 3 1 1 5 0 6 6 2 0 1 9 9 4 8 4 3 2 2 1 1 1 9 3 2 K 1 1 8 3 3 1 4 9 6 8 6 3 6 5 6 7 8 0 1 7 4 2 0 6 6 4 1  1 0
1 9 2 9 B 2 1 8 3 3 1 4 0 6 3 1 3 6 3 6 7 1 8 1 9 9 4 8 4 3 2 2 1 1 1 9 3 2 X 2 1 8 3 3 1 5 2 6 8 6  1 4 6 6 7 1 9 1 7 4 2 0 6 6 3 0 1 0
1 9 3 1 4 1 1 8 3 3 1 4 9 6 8 6 1 4 9 6 7 7 8 3 6 5 6 7 8 0 5 2 1 2 1 9 3 2 L 1 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 7 9 3 6 2 6 7 1 7 4 1 1 0
1 9 3 1 4 2 1 6 3 3 1 4 9 6 8 6 1 4 9 6 7 7 8 1 4 8 6 7 7 9 5 2 1 1 1 9 3 2 L 2 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 3 6 2 6 7 1 7 4 1 1 0
1 9 3 1 B 1 1 8 3 3 1 4 9 6 8 6 1 4 8 6 7 7 9 3 6 5 6 7 8 0 1 2 1 2 1 9 3 2 M 1 1 8 3 3 1 4 9 6 6 6 1 4 6 6 7 1 9 3 5 8 6 7 1 3 3 0 1 0
1 9 3 1 B 2 1 8 3 3 1 4 9 6 8 6 1 4 8 6 7 7 9 1 4 6 6 7 1 9 4 1 1 1 1 9 3 2 M 2 1 B 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 1 2 4 1 5 2 1 2 1 1 1
1 9 3 1 C 2 1 8 3 3 1 4 9 6 8 6 1 4 8 6 7 7 9 1 4 0 6 7 2 3 4  11 1 1 9 3 3 * 1 1 8 3 3 1 4 6 6 8 1 1 4 6 6 7 1 9 3 6 2 6 7 1 7 5 1 1 0
1 9 3 1 0 1 1 8 3 3 1 4 9 6 8 6 1 4 8 6 7 7 9 1 7 6 1 1 6 1 3 2 1 2 1 9 3 3 * 2 1 8 3 3 1 4 6 6 8 1 1 4 6 6 7 1 9 1 4 0 6 7 2 3 5 1 1 1
1 9 3 1 0 2 1 8 3 3 1 4 9 6 8 6 1 4 8 6 7 7 9 1 5 2 6 7 1 2 5 1 1 1 1 9 3 3 B 1 1 8 3 3 1 4 6 6 8 1 1 4 6 6 7 1 9 1 7 6 1 1 6 1 5 1 1 1
1 9 3  IE  1 1 8 3 3 1 4 9 6 8 6 1 4 8 6 7 7 9 1 5 0 6 6 2 0 3 2 1 1 1 9 3 3 B 2 1 8 3 3 1 4 6 6 8 1 3 6 2 6 7 1 7 1 4 0 6 7 2 3 3 1 2 1
1 9 3 1 E 2 I B 3 3 1 4 9 6 8 6 1 4 8 6 7 7 9 1 7 7 6 7 7 4 5 2 1 0 1 9 3 3 C 1 1 8 3 3 1 4 6 6 8 1 3 6 2 6 7 1 7 1 3 6 6 0 7 9 4 1 2 1
1 9 3 1 F 1 1 8 3 3 1 4 9 6 8 6 1 4 8 6 7 7 9 3 6 3 6 7 1 8 3 2 1 1 1 9 3 3 0 1 1 6 3 3 1 4 6 6 8 1 1 4 0 6 7 2 3 1 3 6 6 0 7 9 1 1 1 1
I 9 3 1 F 2 1 8 3 3 1 4 9 6 8 6 1 4 8 6 7 7 9 0 7 5 2 2 7 4 4 1 1 1 1 9 3 3 D 2 1 8 3 3 1 4 6 6 8 1 1 4 0 6 7 2 3 1 7 6 1 1 6 1 1 1 3 2
1 9 3 1 G 1 1 8 3 3 1 4 9 6 8 6 1 4 8 6 7 7 9 1 9 9 4 8 4 3 4 1 1 1 1 9 3 3 E 1 1 8 3 3 1 4 6 6 8 1 1 4 0 6 7 2 3 1 4 9 6 7 7 8 3 1 1 0
1 9 3 1 G 2 1 8 3 3 1 4 9 6 8 6 1 4 8 6 7 7 9 0 0 1 5 7 0 0 5 1 1 1 1 9 3 3 E 2 1 8 3 3 1 4 6 6 8 1 1 4 0 6 7 2 3 1 4 8 6 7 7 9 3 1 2 1
1 9 3 1 H 2 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 1 4 0 6 7 2 3 1 0 1 1 1 9 3 3 F 1 1 8 3 3 1 4 6 6 8 1 1 4 0 6 7 2 3 3 6 5 6 7 0 0 3 1 1 1
1 9 3 1 1 1 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 1 7 6 1 1 6 1 1 1 3 1 1 9 3 3 F 2 1 B 3 3 1 4 6 6 8 1 1 4 0 6 7 2 3 3 6 3 6 7 1 8 2 1 2 1
1 9 3 1 X 2 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 1 7 7 6 7 7 4 5 1 1 0 1 9 3 3 G 1 1 8 3 3 1 4 6 6 8 1 1 4 0 6 7 2 3 1 5 0 6 6 2 0 4 1 1 0
1 9 3 1 0 1 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 1 5 0 6 6 2 0 1 1 2 1 1 9 3 3 G 2 1 8 3 3 1 4 6 6 8 1 1 5 0 6 6 2 0 3 6 3 6 7 1 8 1 0 3 1
1 9 3 1 0 2 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 1 5 2 6 7 1 2 5 1 1 0 1 9 3 3 * 1 1 8 3 3 1 4 6 6 8 1 0 0 1 6 7 2 4 0 7 8 5 8 2 3 1 0 1 1
1 9 3 1 X 1 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 3 6 3 6 7 1 8 2 1 3 1 1 9 3 3 K 2 1 8 3 3 1 4 6 6 8 1 0 0 1 6 7 2 4 0 9 4 5 9 1 8 1 0 2 1
1 9 3 1 K 2 1 8 3 3 1 4 9 6 8 6 t 4 6 6 7 1 9 0 7 5 2 2 7 4 1 1 3 1 1 9 3 4 * 1 1 8 3 3 1 4 6 6 8 1 1 4 6 6 7 1 9 3 6 2 6 7 1 7 5 1 1 0
1 9 3 1 L 1 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 1 9 9 4 8 4 3 2 1 3 1 I 9 3 4 B 1 1 8 3 3 1 4 6 6 8  1 1 7 6 1 1 6 1 1 4 0 6 7 2 3 3 * 1 1
1 9 3 1 L 2 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 0 0 1 5 7 0 0 2 1 2 1 1 9 3 4 B 2 1 8 3 3 1 4 6 6 8 1 1 4 0 6 7 2 3 3 6 3 6 7  1 8 3 1 2 1
1 9 3 1 M 1 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 1 6 8 0 0 4 3 3 1 1 1 1 9 3 4 C 1 1 8 3 3 1 4 6 6 8 1 3 6 3 6 7 1 8 1 5 1 6 8 0 3 3 0 1 0
1 9 3  I N 1 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 3 6 0 6 7 1 5 1 1 4 1 1 9 3 4 0 1 1 8 3 3 1 4 6 6 8 1 3 6 3 6 7 1 8 1 5 2 6 7 1 2 2 1 1 1
1 9 3 1 N 2 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 1 5 7 1 4 1 3 1 1 4 1 1 9 3 4 E 1 1 8 3 3 1 4 6 6 8 1 3 6 3 6 7 1 8 1 7 7 6 7 7 4 4 1 1 0
1 9 3 1 0 1 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 1 5 3 6 7 2 1 2 1 1 1 1 9 3 4 E 2 1 8 3 3 1 4 6 6 8 1 1 5 1 6 8 0 3 1 5 2 6 7  1 2 1 0 3 1
1 9 3 1 0 2 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 0 9 9 1 5 5 2 4 1 2 1 1 9 3 4 F 1 1 8 3 3 1 4 6 6 8 1 1 5 0 6 6 2 0 1 5 2 6 7 1 2 1 0 3  1
1 9 3 1 Q 1 1 8 3 3 1 4 9 6 8 6 1 4 6 6 7 1 9 1 2 5 2 3 0 7 3 I H 1 9 3 4 G 2 1 8 3 3 1 4 6 6 8 1 1 5 1 6 8 0 3 1 7 7 6 7 7 4 1 0 1 0
1 9 3 I P  1 1 8 3 3 1 4 9 6 8 6 1 5 0 6 6 2 0 1 7 7 6 7 7 4 5 1 1 0 1 9 3 4 H 2 1 8 3 3 1 4 6 6 8 1 1 7 7 6 7 7 4 1 5 2 6 7 1 2 1 0 2 1
1 9 3 1 P 2 1 8 3 3 1 4 9 6 8 6 1 5 0 6 6 2 0 1 5 2 6 7 1 2 5 1 1 0 1 9 3 4 1 2 1 8 3 3 1 4 6 6 8 1 3 6 3 6 7 1 8 1 4 8 6 7 7 9 4 1 2 1
1 9 3 1 3 1 1 8 3 3 1 4 9 6 8 6 1 5 0 6 6 2 0 3 6 3 6 7 1 8 1 1 1 1 1 9 3 4 J 2 1 8 3 3 1 4 6 6 8 1 3 6 3 6 7  1 8 1 4 9 6 7 7 8 5 1 1 1
1 9 3 1 S 2 1 8 3 3 1 4 9 6 8 6 1 5 0 6 6 2 0 0 0 1 5 7 0 0 2 1 2 1 1 9 3 4 K 2 1 8 3 3 1 4 6 6 0 1 3 6 3 6 7 1 8 3 6 5 6 7 8 0 4 1 1 1
1 9 3  IT  1 1 8 3 3 1 4 9 6 8 6 0 0 1 5 7 0 0 0 7 5 2 2 7 4 1 1 2 1 1 9 3 4 L 1 1 8 3 3 1 4 6 6 8 1 1 5 0 6 8 0 4 1 4 8 6 7 7 9 1 0 2 1
t 9 3 1 T 2 1 8 3 3 1 4 9 6 8 6 0 0 1 5 7 0 0 0 8 6 6 7 0 7 2 1 2 0 1 9 3 4 M 1 1 8 3 3 1 4 6 6 8 1 1 S 0 6 6 0 4 1 4 9 6 7 7 8 1 0 1 0
1 9 3 4 N 2 1 8 3  
1 9 3 4 0 1 1 6 3  
1 9 3 4 P 2 1 6 3  
1 9 3 4 0 2 1 8 3  
1 9 3 4 R 2 1 8 3  
1 9 3 4 S 1 1 8 3  
1 9 3 4 T 2 1 8 3  
I 9 3 4 U 1 1 8 3  
1 9 3 4 U 2 1 8 3  
1 9 3 4 W 1 1 8 3  
1 9 3 4 V 2 1 8 3  
1 9 3 4 X 1 1 8 3  
1 9 3 4 V 1 1 8 3  
1 9 3 4 Y 2 1 B 3  
1 9 3 4 2 1 1 8 3  
1 9 3 4 Z 2 1 8 3  
1 9 3 6 * 1 1 8 3  
1 9 3 6 * 2 1 8 3  
1 9 3 6 B I 1 B 3  
1 9 3 6 B 2 1 8 3  
1 9 3 6 C 1 1 8 3  
1 9 3 6 C 2 1 8 3  
1 9 3 6 0 1 1 8 3  
1 9 3 6 0 2 1 8 3  
1 9 3 6 E 1 1 8 3  
1 9 3 6 E 2 1 8 3  
1 9 3 6 F 1 1 8 3  
1 9 3 6 F 2 1 8 3  
1 9 3 6 0 1 1 8 3  
1 9 3 6 G 2 1 6 3  
1 9 3 6 H 1 1 8 3  
1 9 3 6 H 2 1 8 3  
1 9 3 6 1 1 1 8 3  
1 9 3 6 1 2 1 8 3  
1 9 3 6 J I 1 8 3  
1 9 3 6 J 2 1 B 3  
I 9 3 6 K 1 1 8 3  
1 9 3 6 K 2 I 8 3  
1 9 3 6 L 1 1 8 3  
1 9 3 6 L 2 1 8 3  
1 9 3 6 M 2 1 8 3  
1 9 3 6 N 1 1 8 3  
1 9 3 6 N 2 1 8 3  
1 9 3 6 0 1 1 8 3  
1 9 3 6 0 2 1 8 3  
1 9 3 6 P 1 1 8 3  
1 9 3 6 P 2 1 8 3  
1 9 3 6 0 1 1 8 3  
1 9 3 6 Q 2 1 8 3  
1 9 3 6 R 1 1 8 3  
1 9 3 8 E 1 1 8 3  
1 9 3 8 E 2 1 8 3  
1 9 3 8 F 1 1 8 3  
1 9 3 8 F 2 1 8 3  
I 9 3 8 G 1 1 8 3  
1 9 3 8 G 2 1 B 3  
1 9 3 8 H 1 1 8 3  
1 9 3 B H 2 1 B 3
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 f 4 6
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 0
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 1 4 6
3 t 4 6
3 1 6 8
3 1 6 8
3 1 6 8
3 1 6 8
3 1 6 8
3 1 6 8
3 1 6 8
3 1 6 8
6 3 1 1 7 6  
6 3 1 1 7 6
6 8 1 1 5 0  6 8 0 4 3 6 5  
6 8 1 1 5 2  6 7 1 2 1 4 8  
6 8 1 1 5 2  6 7 1 2 1 4 9  
6 8 1 1 5 2  6 7 1 2 3 6 5  
6 8 1 1 7 7  6 7 7 4 1 4 8  
6 8 1 1 7 7  6 7 7 4 1 4 9  
6 8 1  1 7 7  6 7 7 4 3 6 5
6 8 1 1 5 1  6 8 0 3 0 7 5  
6 8 1 1 5 1  6 8 0 3 1 9 9  
6 8 1 0 0 1  5 7 0 0 1 5 3  
6 8 1 0 0 1  5 7 0 0 1 2 5  
6 B 1 0 0 1  5 7 0 0 1 2 4  
6 8 1 0 0 1  5 7 0 0 1 7 4  
6 8 1 0 0 1  5 7 0 0 3 6 0  
6 8 1 0 0 1  5 7 0 0 0 9 9  
6 8 1 0 0 1  5 7 0 0 3 5 8
1 1 6 1 0 6 6  
1 1 6 1 0 5 5  
6 3 1 1 4 6  6 7 1 9 0 6 6  
6 3 1 1 4 6  6 7 1 9 0 5 5  
6 3 1 1 4 6  6 7 1 9 0 6 2  
6 3 1 1 5 0  6 8 0 4 0 6 6  
6 3 1 1 5 0  6 8 0 4 0 5 5  
6 3 1 1 5 0  6 8 0 4 0 6 2  
6 3 1 1 5 0  6 8 0 4 1 5 7  
6 3 1 1 5 0  6 8 0 4 0 7 8  
6 3 1 1 5 0  6 8 0 4 0 1 4  
6 3 1 1 5 0  6 8 0 4 0 4 1  
6 3 1 1 5 0  6 8 0 4 0 7 5  
6 3 1 1 5 0  6 8 0 4 0 9 4  
6 3 1 3 6 3  6 7 1 8 0 6 6  
6 3 1 3 6 3  6 7 1 8 0 5 5  
6 3 1 3 6 3  6 7 1 8 0 6 2  
6 3 1 3 6 3  6 7 1 8 1 5 7  
6 3 9 3 6 3  6 7 1 8 0 7 8  
6 3 1 3 6 3  6 7 1 8 0 1 4  
6 3 1 3 6 3  6 7 1 8 0 4 1  
6 3 1 3 6 3  6 7 1 8 0 7 5  
6 3 1 3 6 3  6 7 1 6 0 9 4  
6 3 1 3 6 3  6 7 1 8 0 0 1  
6 8 4 0 7 S  2 2 7 4 0 0 1  
6 8 4 0 0 1  5 7 0 0 0 8 6  
6 8 4 0 0 1  5 7 0 0 1 6 8  
6 8 4 1 7 6  1 1 6 1 1 4 8  
6 8 4 1 7 6  1 1 6 1 1 4 9  
6 8 4 1 7 6  1 1 6 1 3 6 5  
6 8 4 1 7 6  1 1 6 1 1 5 0  
6 8 4 1 7 6  1 1 6 1 1 7 7  
6 8 4 1 7 6  1 1 6 1 1 5 2  
6 8 4 1 7 6  1 1 6 1 3 6 3  
6 8 7 1 7 0  0 0 5 7 3 7 7  
6 8 7 1 7 0  0 0 5 7 1 5 8  
6 8 7 1 7 0  0 0 5 7 1 4 0  
6 8 7 1 7 0  0 0 5 7 0 0 1  
6 8 7 1 7 0  0 0 5 7 1 4 6  
6 8 7 1 7 0  0 0 5 7 1 5 3  
6 8 7 1 7 0  0 0 5 7 1 4 9  
6 8 7 1 7 Q  0 0 5 7 1 5 2
6 7 8 0 1 0 2 1
6 7 7 9 3 1 3 1
6 7 7 8 4 1 1 1
6 7 8 0 3 1 3 1
6 7 7 9 1 0 4 1
6 7 7 8 1 1 2 1
6 7 8 0 1 1 3 1
2 2 7 4 1 0 3 1
4 8 4 3 2 0 1 0
6 7 2 1 1 1 2 1
2 3 0 7 3 1 1 1
1 5 2 1 1 0 2 1
2 0 6 6 3 1 1 0
6 7 1 5 1 1 1 1
1 5 5 2 1 1 2 1
6 7  1 3 2 1 2 1
6 6 8 4 2 2 1 2
6 7 6 4 3 2 1 1
6 6 8 4 2 1 1 2
6 7 6 4 3 1 2  I
0 4 3 9 3 1 2  1
6 6 8 4 2 1 2 2
6 7 6 4 3 1 3 1
0 4 3 9 3 1 2 1
1 4 1 3 2 1 2 1
5 8 2 3 2 1 1 2
5 6 8 6 3 1 2 1
6 5 6 4 3 1 1 1
2 2 7 4 2 1 2 1
5 9 1 6 2 1 1 2
6 6 8 4 2 1 2 2
6 7 6 4 3 1 3 1
0 4 3 9 3 1 2 1
1 4 1 3 4 1 2 1
5 8 2 3 2 1 1 1
5 6 8 6 2 1 1 1
6 5 6 4 2 1 1 1
2 2 7 4 2 1 1 1
5 9 1 8 2 1 1 1
5 7 0 0 3 1 1 1
5 7 0 0 2 1 1 1
6 7 0 7 1 1 lO
0 0 4 3 1 1 2 1
6 7 7 9 4 1 1 1
6 7 7 8 5 1 1 1
6 7 8 0 5 1 1 1
6 8 0 4 5 1 1 1
6 7 7 4 5 1 lO
6 7 1 2 5 1 1 1
6 7 1 8 4 1 1 1
6 8 0 1 1 1 3 1
6 7 2 2 3 1 1 1
6 7 2 3 3 1 1 1
6 7 2 4 3 1 1 0
6 7 1 9 2 1 2 1
6 7 2 1 4 1 1 1
6 7 7 8 3 1 1 0
6 7 1 2 3 2 1 0
U1
to
Cl
Appendix Hb (continued)
1 9 3 8 1 1 1 8 3 3 1 6 8 6 8 7 1 7 0 0 0 5 7 3 0 3 6 7 1 8 3 1 ( 0 1 9 4 3 U 2 1 8 3 3 1 6 8
1 9 3 8 1 2 1 8 3 3 1 6 8 6 8 7 1 7 0 0 0 5 7 1 7  1 6 8 1 5 2 1 1 1 1 9 4 3 V 1 18 3 3 1 6 8
1 9 3 8 0 H 8 3 3 1 6 8 6 8 7 1 7 1 6 8 1 5 3 7 7 6 8 0 1 1 1 3 1 1 9 4 3 V 2 183 3 1 6 8
1 9 3 8 0 2 1 8 3 3 1 6 8 6 8 7 3 6 3 6 7 1 8 1 5 2 6 7 1 2 1 0 1 0 1 9 4 3 W 1 183 3 1 6 8
1 9 3 B K 1 1 8 3 3 1 6 8 6 8 7 3 6 3 6 7 1 8 1 7 7 6 7 7 4 2 0 1 0 1 9 4 3 X 1 1B3 3 1 6 8
I9 3 8 K 2 183 3 1 6 8 6 8 7 3 6 3 6 7 1 8 1 5 0 6 8 0 4  1121 1 9 4 3 X 2 1 8 3 3 1 6 8
1 9 3 B L 1 183 3 1 6 8 6 8 7 3 6 3 6 7 1 8 1 5 8 6 7 2 2 1 0 3 1 1 9 4 3 V 1 1 8 3 3 1 6 8
1 9 3 8 L 2 1 8 3 3 1 6 8 6 8 7 3 6 3 6 7 1 8 1 4 0 6 7 2 3 2 0 1 1 1 9 4 3 V 2 183 3 168
1 9 3 8 M 1 183 3 1 6 8 6 8 7 3 6 3 6 7 1 8 1 4 6 6 7 1 9 1 1 3 1 1 9 4 3 2 1 1 8 3 3 1 6 8
I9 3 8 M 2 1 B 3 3 1 6 8 6 8 7 3 6 3 6 7 1 8 1 4 9 6 7 7 8 2 0 1 0 1 9 4 3 2 3 (8 3 3 1 6 8
1 9 3 B N 1 183 3 1 6 8 6 8 7 3 6 3 6 7 1 8 0 0 1 6 7 2 4  1 0 3 0 1 9 4 3 2 4 1 8 3 3 1 6 8
1 9 3 8 N 2 183 3 1 6 8 6 B 7 3 6 3 6 7 1 8 1 5 3 6 7 2 1 2 0 2 0 1 9 4 3 Z 5 183 3 1 6 B
1 9 3 8 0 1 1 8 3 3 1 6 8 6 8 7 1 5 2 6 7 1 2 1 7 7 6 7 7 4 2 0 2 0 1 9 4 3 2 6 1 8 3 3 1 6 6
1 9 3 8 0 2 1 8 3 3 1 6 8 6 8 7 1 5 2 6 7 1 2 1 5 0 6 8 0 4 1 0 3 0 1 9 4 3 2 7 1 8 3 3 1 6 8
1 9 3 8 P 1 183 3 1 6 8 6 8 7 0 0 1 6 7 2 4 1 5 3 6 7 2 1 3 1 1 1 1 9 4 3 Z 8 183 3 1 6 8
1 9 3 8 P 2 1 8 3 3 1 6 8 6 8 7 0 0 1 6 7 2 4 1 4 6 6 7 1 9 2 1 3 1 1 9 4 6 A 1 183 3 3 6 3
1 9 3 8 0 1 1B3 3 1 6 8 6 8 7 0 0 1 6 7 2 4 1 4 0 6 7 2 3 2 0 1 1 1 9 4 6 * 2 1 8 3 3 3 6 3
1 9 3 B Q 2 183 3 1 6 8 6 8 7 0 0 1 6 7 2 4 1 4 9 6 7 7 8 4 0 1 0 1 94 6B  118 3 3 3 6 3
1 9 3 8 R 1 183 3 1 6 8 6 8 7 0 0 1 6 7 2 4  158 6 7 2 2 2 1 2 1 194 G B 2 1 B 3 3 3 6 3
1 9 3 8 9 2 1 8 3 3 1 6 8 6 8 7 0 0 1 6 7 2 4 1 5 0 6 B Q 4 2 1 1 1 1 9 4 6 C 118 3 3 3 6 3
1 9 3 8 S 1 183 3 1 6 8 6 8 7 0 0 1 6 7 2 4 0 9 9 1 5 S 2 2 1 1 1 1 9 4 6 C 2 183 3 3 6 3
1 9 3 8 S 2 183 3 1 6 8 6 8 7 0 0 1 6 7 2 4 1 9 9 4 8 4 3 2 1 2 1 1 9 4 6 0 1 1 8 3 3 3 6 3
1 9 3 8 T 118 3 3 1 6 8 6 8 7 0 0 1 6 7 2 4 0 8 6 6 7 0 7 3 0 1 0 1 9 4 C E 118 3 3 3 6 3
1 9 3 8 T 2 1 8 3 3 1 6 8 6 8 7 0 0 1 6 7 2 4 0 7 5 2 2 7 4 2 0 2 1 1 9 4 & E 2 183 3 3 6 3
1 9 3 8 U 1 183 3 1 6 8 6 8 7 1 5 3 6 7 2 1 1 4 9 6 7 7 8 2 0 1 0 19-16F 118 3 3 3 6 3
1 9 3 B U 2 183 3 1 6 8 6 8 7 1 5 3 6 7 2 1 1 5 8 6 7 2 2 1 1 2 0 1 9 4 7 B 1 183 3 1 4 6
1 9 3 8 V 1 183 3 1 6 8 6 8 7  153 6 7 2 1 1 4 0 6 7 2 3 2 1 2 1 1 9 4 7 B 2 183 3 1 4 6
1 9 3 8 V 2 1 8 3 3 1 6 8 6 8 7 1 5 3 6 7 2 1 1 4 6 6 7 1 9 ( 1 3 1 1 9 1 7 C 1 1 83 3 1 4 6
193 6W 11 8 3 3 1 6 8 6 8 7 1 5 3 6 7 2 1 1 5 2 6 7  1 2 3 0 1 0 1 9 4 7 C 2 (8 3 3 1 4 6
1 9 4 3 * 1 1 8 3 3 1 6 8 6 8 7 1 6 8 0 0 4 3 1 6 9 0 0 4 4 3 2 1 1 1 9 4 7 F 1 1 8 3 3 1 4 6
1 9 4 3 * 2 1 8 3 3 1 6 8 6 8 7 1 6 9 0 0 4 4 3 8 6 6 8 0 9 5 1 1 1 1 9 4 7 F 2 1 8 3 3 1 4 6
1 9 4 3 8 1 1 8 3 3 1 6 8 6 8 7 1 6 9 0 0 4 4 ( 7 4 2 0 6 6 4 1 1 1 1 9 4 7 G 1 1 83 3 1 4 6
1 9 4 3 8 2 1 8 3 3 1 6 8 6 8 7 * 7 4 2 0 6 6 1 7 0 0 0 5 7 2 1 2 2 1 9 4 7 0 2 1 8 3 3 1 4 6
1 9 4 3 C 1 1 8 3 3 1 6 8 6 8 7 1 7 4 2 0 6 6 3 7 7 6 8 0 1 1 1 3 1 1 9 4 7 H 1 183 3 1 4 6
I9 4 3 C 2 1 8 3 3 1 6 8 6 8 7 1 7 4 2 0 6 6 3 8 6 6 8 0 9 3 1 1 1 I9 4 7 H 2 1 8 3 3 1 4 6
1 9 4 3 0 1 1 8 3 3 1 6 8 6 8 7 1 6 8 6 B 1 4 1 6 9 0 0 4 4 3 1 1 1 1 9 4 7 1 1 1 8 3 3 1 4 6
1 9 4 3 D 2 183 3 1 6 8 6 8 7 1 6 8 6 8 1 4 1 6 9 0 0 4 4 3 2 1 2 1 9 4 7 1 2 1 8 3 3 1 4 6
1 9 4 3 E 1 1 8 3 3 1 6 8 6 8 7 1 6 9 0 0 4 4 3 7 7 6 8 0 * 4 1 1 1 1 9 4 7 J 1 1 8 3 3 1 4 6
I9 4 3 E 2 183 3 1 6 8 6 8 7 1 5 3 6 7 2 1 3 5 9 6 7 1 4 1 0 1 1 1 9 4 7 J 2 1 83 3 1 4 6
1 9 4 3 F 1 1 8 3 3 1 6 8 6 B 7 1 5 3 6 7 2 1 3 5 6 6 7 0 9 3 1 1 0 1 9 4 7 K 1 1 83 3 1 4 6
1 9 4 3 F 2 183 3 1 6 8 6 8 7 3 7 7 6 8 0 1 1 4 6 6 7 1 9 3 1 1 1 1 9 4 8 * 1 1 8 3 3 1 5 8
1 9 4 3 G I183 3 1 6 8 6 8 7 0 0 1 6 7 2 4 1 2 5 2 3 0 7 3 0 1 0 I9 4 8 B  1 18 3 3 1 5 8
1 9 4 3 H 1 1 8 3 3 1 6 8 6 8 7 0 0 1 6 7 2 4 3 5 8 6 7 1 3 3 0 2 0 1 9 4 8 6 2 1 8 3 3 1 5 8
I9 4 3 H 2 IB 3 3 1 6 8 6 8 7 0 0 1 6 7 2 4 0 9 4 5 9 1 8 2 1 1 1 1 9 4 8 C 1 1 8 3 3 1 5 8
1 9 4 3 1 1 1 8 3 3 1 6 8 6 8 7 1 4 6 6 7  4 9 3 6 2 6 7 1 7 3 1 1 0 1 9 4 8 D 1 183 3 1 5 8
1 9 4 3 1 2 1 8 3 3 1 6 8 6 8 7 1 4 6 6 7 1 9 1 3 6 6 0 7 9 3 1 1 1 1 9 4 8 D 2 1 B 3 3 1 5 8
1 9 4 3 J 1 1 8 3 3 1 6 8 6 8 7 1 4 0 6 7 2 3 3 6 2 6 7 1 7  IQ  IQ 1 9 4 8 E 1 183 3 1 5 8
1 9 4 3 0 2 1 8 3 3 1 6 8 6 8 7 1 4 0 6 7 2 3 1 3 6 6 0 7 9 2  111 1 9 4 9 * 1 ( 8 3 3 1 4 9
1 9 4 3 K 1 183 3 1 6 8 6 8 7 1 4 0 6 7 2 3 0 7 8 6 0 0 2 1 1 3 1 1 9 4 9 6 3 1 0 3 3 1 4 9
1 9 4 3 K 3 1 B 3 3 1 6 8 6 8 7 1 7 1 6 8 1 5 1 7 0 0 0 5 7 2 1 2 1 1 9 4 9 0 1 1 8 3 3 1 4 9
1 9 4 3 L 1 1 8 3 3 1 6 8 6 8 7  1 7 0 0 0 5 7 3 7 7 6 8 0 1 1 1 2 1 1 9 4 9 D 2 1 B 3 3 1 4 9
1 9 4 3 L 2 1 8 3 3 1 6 8 6 8 7 1 7 0 0 0 5 7 1 7 4 2 0 6 6 3 1 2 1 1 9 4 9 E 1 18 3 3 1 4 9
1 9 4 3 M 1 183 3 1 6 8 6 8 7 1 7 0 0 0 5 7 3 8 6 6 8 0 9 3 1 1 0 1 9 5 Q A 1 18 3 3 1 5 3
1 9 4 3 H 2 1 8 3 3 1 6 8 6 8 7 1 7 0 0 0 5 7 1 6 9 0 0 4 4 1 1 3 2 1 9 5 0 0 2 1 8 3 3 ( 5 3
1 9 J 3 N 1 1 83 3 1 6 8 6 8 7 3 7 7 6 8 0 ( 1 7 4 2 0 6 6 3 1 1 1 1 9 5 0 E 1 1 8 3 3 1 5 3
1 9 4 3 N 2 1 83 3 1 6 8 6 8 7 3 7 7 6 8 0 1 3 8 6 6 6 0 9 4 1 1 0 1 9 5 1 * 1 1 8 3 3 1 5 3
I9 4 3 T 2 1 S 3 3 1 6 8 6 8 7 0 0 1 6 7 2 4  158 6 7 2 2 3 1 2 1 1 9 5 1 8 1 1 8 3 3 1 5 3
1 9 4 3 U 1 183 3 1 6 8 6 8 7 0 0 1 6 7 2 4  140 6 7 2 3 3 0 1 1 195 1 8 2 1 8 3 3 1 5 2
6 8 7 0 0 1 6 7 2 4 1 4 6 6 7  1 9 2 1 2 2 ( 9 5 1 C 1 183 3 1 5 2 6 7 9 1 4 0 6 7 2 3 1 3 6 6 0 7 9 1 1 ( 2
6 8 7 0 0 1 6 7 2 4 1 3 6 6 0 7 9 2 0 1 1 1 9 5 2 * 1 1 8 3 3 0 0 1 6 3 9 1 5 0 6 8 0 4 1 5 1 6 8 0 3 1 0 1 0
6 8 7 0 0 1 6 7 2 4 1 5 3 6 7 2 1 3 1 1 1 1 9 5 2 B 1 183 3 0 0 1 6 3 9 1 6 8 0 0 4 3 ( 7 1 6 8 1 5 1 0 1 0
6 8 7 0 0 1 6 7 2 4 1 4 9 6 7 7 8 3 0 1 0 1 9 5 2 B 2 183 3 0 0 1 6 3 9 1 4 0 6 7 2 3 1 3 6 6 0 7 9 1 0 1 0
6 8 7 0 0 1 6 7 2 4 3 6 3 6 7 1 8 3 0 1 0 1 9 5 2 C 1 18 3 3 0 0 1 6 3 9 0 8 6 6 7 0 7 1 5 3 6 7 2  1 2 0 1 0
6 8 7 1 5 2 6 7 1 2 3 6 3 6 7 1 8 2 0 2 0 I 9 5 2 C 2 183 3 0 0 1 6 3 9 1 5 3 6 7 2 1 3 5 6 6 7 ( 0 ( 0 1 t
6 8 7 1 5 2 6 7 1 2 1 7 7 6 7 7 4 2 0 1 0 I9 5 2 D 1 183 3 0 0 1 6 3 9 3 6 0 6 7 1 5 1 5 8 6 7 2 2 1 0 1 0
6 6 7 1 5 2 6 7 1 2 1 5 0 6 8 0 4 1 0 3 1 I9 5 2 D 2 183 3 0 0 1 6 3 9 1 4 0 6 7 2 3 1 4 9 6 7 7 8 2 1 1 0
6 8 7 0 0 1 6 7 2 4 0 7 5 2 2 7 4 1 1 2 1 1 9 5 3 * 1 1 8 3 3 1 4 0 6 3 1  ISO 6 8 0 4 1 5 1 6 8 0 3 1 1 1 1
6 8 7 0 0 1 6 7 2 4 0 7 8 6 0 0 2 1 1 ( 2 1 9 5 3 * 2 1 8 3 3 1 4 Q 6 3 1 1 6 8 0 0 4 3 1 7 1 6 8 * 5 1 0 * 0
6 8 7 0 0 1 6 7 2 4 0 9 9 1 5 5 2 2 1 1 2 1 9 5 5 * 1 1 8 3 3 3 6 3 6 8 0 1 6 8 0 0 4 3 1 4 6 6 7 1 9 1 0 2 1
6 8 7 0 0 1 6 7 2 4 3 5 8 6 7 1 3 3 0 2 0 1 9 5 5 * 2 1 8 3 3 1 4 6 6 8 1 1 4 6 6 7 1 9 1 4 7 0 0 5 8 2 2 1 2
6 8 7 0 0 1 6 7 2 4  124 1 5 2 1 2 1 1 2 1 9 5 5 B 118 3 3 t 4 6 6 8 1 3 6 3 6 7 1 8 1 4 0 6 7 2 3 1 1 2 1
6 8 7 0 0 1 6 7 2 4 1 2 5 2 3 0 7 3 0 1 0 1 9 5 5 C 1 1 8 3 3 1 4 6 6 8 1 3 6 3 6 7 1 8 0 0 1 6 7 2 4 2 2 1 0
6 8 7 0 0 1 6 7 2 4 0 9 4 5 9 1 8 2 1 1 1 1 9 5 5 C 2 183 3 1 4 6 6 8 1 3 6 3 6 7 t 8 1 5 8 6 7 2 2 2 2 1 1
6 8 0 1 5 0 6 B 0 4 1 5 1 6 8 0 3 1 1 1 1 1 9 5 5 D 118 3 3 1 5 8 6 7 7 1 5 0 6 8 0 4 0 0 1 6 7 2 4 4  110
6 B 0 1 5 0 6 8 0 4 1 5 3 6 7 2 1 3 1 2 1 1 9 5 5 D 2 183 3 1 4 9 6 8 6 1 5 8 6 7 2 2 1 5 7 1 4 1 3 1 1 2 1
6 8 0 1 5 3 6 7 2 ( 1 4 6 6 7 1 9 3 1 1 1 1 9 5 5 E 1 1 8 3 3 * 4 9 6 8 6 1 5 8 6 7 2 2 3 6 0 6 7 1 5 1 0 1 1
6 8 0 0 0 1 6 7 2 4 1 4 6 6 7 1 9 3 0 1 1 1 9 5 5 E 2 183 3 1 4 9 6 8 6 1 5 8 6 7 2 2 1 7 6 * 1 6 1 3 1 3 1
6 8 0 1 5 8 6 7 2 2 ( 4 6 6 7 1 9 2 1 1 1 I 9 5 5 F 118 3 3 1 4 9 6 8 6 1 7 6 1 1 6 * 1 5 7 14 1 3 2 0 2 0
6 8 0 1 4 0 6 7 2 3 1 4 6 6 7 1 9 3 1 1 1 I 9 5 5 F 2 (8 3 3 1 5 3 6 9 0 1 5 7 1 4 1 3 1 5 8 6 7 2 2 2 1 2 0
6 B 0 1 4 9 6 7 7 8 1 4 6 6 7 1 9 2 1 1 1 S 9 5 5 G 1 183 3 1 5 3 6 9 0 3 6 0 6 7  1 5 1 5 8 6 7 2 2 1 0 1 0
6 8 0 1 7 1 6 8 1 5 1 4 6 6 7 1 9 2 1 1 1 I9 5 5 G 2 183 3 1 5 3 6 9 0 3 6 3 6 7  1 8 1 2 5 2 3 0 7 2  120
6 8 0 1 3 6 6 0 7 9 1 4 9 6 7 1 9 2 1 1 1 1 9 5 5 H 1 183 3 1 5 3 6 9 0 1 5 0 6 8 0 4 1 2 5 2 3 0 7 3 1  I t
6 8 0 1 3 6 6 0 7 9 1 4 0 6 7 2 3 1 1 1 1 1 9 5 5 1 1 1 8 3 3 0 0 1 6 3 9 1 4 0 6 7 2 3 1 3 6 6 0 7 9 1 1 1 1
6 8 1 1 4 7 0 0 5 8 1 7 6 1 1 6 1 5 1 1 1 1 9 5 S J 2 1 83 3 0 0 1 6 3 9 0 4 9 6 1 6 5 0 7 4 1 4 1 2 3 (1 1
6 8 1 1 4 7 0 0 5 8 3 6 2 6 7 1 7 5 1 1 1 1 9 5 5 K 1 1 B 3 3 0 0 1 6 3 9 0 7 4 1 4 1 2 0 7 5 2 2 7 4 3 1 2 1
6 8 1 3 6 2 6 7  1 71 36 6 0 7 9 3 1 1 1 1 9 5 5 K 2 ( 8 3 3 0 0 1 6 3 9 0 7 5 2 2 7 4 0 8 6 6 7 0 7 3 1 ( 0
6 8 1 3 6 3 6 7 1 8 1 3 6 6 0 7 9 3 1 2 1 1 9 5 5 L 1 183 3 0 0 1 6 3 9 0 7 5 2 2 7 4 0 9 4 5 9 1 8 2 ( 1 1
6 8 1 3 6 3 6 7 1 8 1 4 9 6 7 7 8 3 1 1 1 1 9 5 7 P 1 183 3 1 4 6 6 8 1 3 6 3 6 7 1 8 1 5 3 6 7 2 1 5 1 1 0
6 8 1 3 6 3 6 7 181S 2 6 7 1 2  1 1 11 1 9 5 7 P 2 1 B 3 3 1 5 3 6 9 0 3 5 6 6 7 1 0 1 2 5 2 3 0 7 3 0 3 0
6 8 1 0 0 1 6 7 2 4 1 4 0 6 7 2 3 1 0 3 1 1 9 5 7 0 1 1 8 3 3 0 0 1 6 3 9 0 0 5 6 4 0 4 0 1 4 5 6 8 6 3 1 1 1
6 8 1 0 0 1 6 7 2 4 1 5 3 6 7 2 ( 2 0 2 0 1 9 5 7 Q 2 1 8 3 3 0 0 1 6 3 9 0 1 4 5 6 8 6 0 4 9 6 1 6 5 2 1 1 0
6 8 1 0 0 1 6 7 2 4 1 5 2 6 7 1 2 ( 0 3 0 1 9 5 8 * 1 1 8 3 3 1 5 0 6 5 0 1 5 0 6 8 2 1 * 5 1 6 6 0 3 1 ( 1 1
6 8 1 0 0 1 6 7 2 4 1 4 9 6 7 7 8 2 0 1 0 1 9 5 8 * 2 1 8 3 3 ( 5 0 6 5 0 1 5 1 6 8 0 3 1 7 7 6 7 7 4 4 * 1 1
6 8 1 0 0 1 6 7 2 4  158 6 7 2 2 1 0 1 0 1 9 5 8 B 1 183 3 1 5 0 6 5 0 1 7 7 6 7 7 4 3 6 3 6 8 1 3 3 0 1 0
6 8 1 0 0 1 6 7 2 4 1 6 8 0 0 4 3 1 0 2 1 1 9 5 8 B 2 183 3 1 5 0 6 5 0 1 7 7 6 7 7 4 1 5 2 6 8 1 2 4 0 ( 1
6 B 1 1 5 B 6 7 2 2 3 6 0 6 7 1 5 1 0 1 1 1 9 5 8 C 1 183 3 1 5 0 6 5 0 3 6 3 6 8 1 3 1 5 2 6 8 1 2 2 0 1 0
6 8 1 1 6 8 0 0 4 3 1 7 1 6 8  1 5 4 1 1 1 1 9 5 8 C 2 183 3 1 5 0 6 5 0 1 5 2 6 8 1 2 0 0 * 6 8 1 1 1 0 1 0
6 8 1 1 5 0 6 8 0 4 1 5 1 6 8 0 3 1 0 1 0 1 9 5 8 D 1 183 3 1 5 0 6 5 0 1 5 2 6 8 1 2 1 5 3 6 8 1 6 1 0 ( 0
6 7 7 1 5 0 6 8 0 4 1 5 1 6 8 0 3 1 1 1 0 1 9 5 8 D 2 183 3 1 5 0 6 5 0 0 0 1 6 8 1 1 1 5 3 6 8 1 6 2 0 1 0
6 7 7 1 5 0 6 8 0 4 1 5 3 6 7 2 1 1 1 1 1 1 9 5 8 E I1 8 3 3 1 5 0 6 5 0 0 0 1 6 8 1 1 * 4 0 6 6 ( 9 2 0 1 0
6 7 7 1 5 0 6 8 0 4 1 4 6 6 7 1 9 3 1 2 1 1 9 5 8 E 2 183 3 1 5 0 6 5 0 0 0 1 6 8 1 1 * 3 6 6 8 2 0 2 0 1 0
6 7 7 1 5 0 6 8 0 4 1 7 6 1 1 6 1 2 1 1 1 1 9 5 6 F 1 1 8 3 3 1 5 0 6 5 0 0 0 1 6 8 1 1 1 4 6 6 8 1 8 2 0 1 0
6 7 7 0 0 1 6 7 2 4 1 6 8 0 0 4 3 3 0 1 0 195 8F  2 1 8 3 3 1 5 0 6 5 0 0 0 1 6 8 1 1 * 4 9 6 8 1 7 2 0 1 0
6 7 7 1 6 8 0 0 4 3 1 7 1 6 8 ( 5 2 0 2 0 1 9 5 8 G 1 1 8 3 3 1 5 0 6 5 0 0 0 1 6 8 1 1 1 5 8 6 8 2 2 2 0 1 0
6 7 7 1 4 0 6 7 2 3 1 3 6 6 0 7 9 1 0 1 1 1 9 5 8 G 2 183 3 1 5 0 6 5 0 0 0 1 6 8 1 1 * 6 8 6 6 1 4 3 0 1 06 8 6 1 5 0 6 8 0 4 1 5 1 6 8 0 3 1 0 1 0 1 9 5 8 H 1 183 3 1 5 0 6 5 0 0 0 1 6 8 1 1 * 7 * 6 8 1 5 3 0 1 0
6 8 6 1 5 8 6 7 2 2 3 6 0 6 7 1 5 1 0 1 1 1958112 183 3 1 5 0 6 5 0 1 4 0 6 8  1 9 1 3 6 6 8 2 0 1 0 1 0
6 8 6 1 7 6 (1 6 1 3 6 0 6 7 ( 5 1 1 1 1 1 9 5 8 1 1 1 8 3 3 1 5 0 6 5 0 1 4 0 6 8 1 9 1 4 6 6 8 1 8 1 0 1 0
6 8 6 1 4 0 6 7 2 3 1 3 6 6 7 0 9 1 1 1 1 1 9 5 8 1 2 1 8 3 3 1 5 0 6 5 0 1 4 0 6 8 1 9 1 4 9 6 8 1 7 2 0 1 0
6 8 6 1 6 8 0 0 4 3 * 7 1 6 8 1 5 1 0 1 0 ( 9 5 8 J 1 183 3 1 5 0 6 5 0 1 4 9 6 8 1 7 ( 4 6 6 8 ( 8 1 0 1 0
6 9 0 1 5 0 6 8 0 4 1 5 1 6 8 0 3 1 0 1 0 1 9 5 B J 2 1 8 3 3 1 5 0 6 5 0 1 6 8 6 B 1 4 1 7 1 6 8 ( 5 1 0 1 0
6 9 0 1 6 8 0 0 4 3 1 7 1 6 8 1 5 1 0 1 0 1 9 5 9 * 1 1 8 3 3 1 7 7 6 5 1 1 7 7 6 7 7 4  150 6 8 2 1 5 1 1 0
6 9 0 1 4 0 6 7 2 3 1 3 6 6 0 7 9 1 1 1 1 1 9 5 9 * 2 1 8 3 3 1 7 7 6 5 1 1 5 0 6 8 2 1 1 5 1 6 6 0 3 1 0 1 06 7 9 1 5 0 6 8 0 4 1 5 1 6 8 0 3 1 1 1 1 I9 5 9 B 1 * 8 3 3 1 7 7 6 5 1 1 5 0 6 8 2 1 3 6 3 6 8 1 3 1 0 1 0
6 7 9 1 5 0 6 8 0 4 0 7 5 2 2 7 4 2 ( 2  1 (9 5 9 8 2 1 8 3 3 1 7 7 6 5 1 ( 5 0 6 8 2 1 1 5 2 6 8 1 2 3 0 1 0
6 7 9 1 6 8 0 0 4 3 1 7 1 6 8 1 5 1 0 1 0 1 9 5 9 C 1 t 0 3 3 1 7 7 6 5 1 3 6 3 6 8 1 3 1 5 2 6 8 1 2 3 0 1 0
Appendix Hb (continued)
1959C 2 183 3 1 7 7 6 S 1 152 6 8 1 2 0 0 1 6 8 1 1 2 0 3 0
1 95 90 1 183 3 1 7 7 6 5 1 1 5 2 6 8 1 2 1 5 3 6 6 1 6 1 0 3 0
1 9 5 9 0 2 183 3 1 7 7 6 5 1 1 5 3 6 8 1 6 0 0 1 6 8 1 1 2 0 1 0
1959E 1 183 3 1 7 7 6 5 1 1 5 3 6 8 1 6 1 4 0 6 8 1 9 3 0 1 0
1 9 5 9 E 2 1 83 3 1 7 7 6 5 1 1 5 3 6 8 1 6 1 3 6 6 8 2 0 4 0 1 0
195 9F 1 1 83 3 1 7 7 6 5 1 1 5 3 6 8 1 6 1 4 6 6 8 1 8 2 0 1 0
1 9 5 9 F 2 1 83 3 1 7 7 6 5 1 1 5 3 6 8 1 6 1 4 9 6 8 1 7 3 0 1 0
1959G 1 1 83 3 1 7 7 6 5 1 1 5 3 6 8 1 6 1 5 8 6 8 2 2 2 0 1 0
1959G 2 1 83 3 1 7 7 6 5 1 1 5 3 6 8 1 6 1 6 8 6 8 1 4 4 0 1 0
1959H 1 1 83 3 1 7 7 6 5 1 1 5 3 6 8 1 6 1 7 1 6 8 1 5 2 0 1 0
1 95 9H 2 1 83 3 1 7 7 6 5 1 1 4 0 6 8 1 9 1 3 6 6 8 2 0 1 0 1 0
1 9 5 9 1 1 1 83 3 1 7 7 6 5 1 1 4 0 6 8 1 9 1 4 6 6 8 1 8 1 0 1 0
1 9 5 9 1 2 1 83 3 1 7 7 6 5 1 1 4 0 6 8 1 9 1 4 9 6 8 1 7 1 0 1 0
19S 9 J1 183 3 1 7 7 6 5 1 1 4 9 6 8 1 7 1 4 6 6 8 1 8 1 0 2 0
1 9 5 9 J 2 1 83 3 1 7 7 6 5 1 1 6 8 6 8  1 41 71 6 8 1 5 1 0 1 0
19S 9K1 1 83 3 1 7 7 6 5 1 1 5 0 6 8 2  1 15 3 6 8 1 6 3 1 2 1
1 9 5 9 K 2 1 83 3 1 7 7 6 5 1 3 6 3 6 8 1 3 1 5 3 6 8 1 8 2 0 1 1
1960A 1 1 83 3 1 5 0 6 5 0 3 6 3 6 7 1 8 1 9 9 4 8 4 3 2 1 1 0
1 9 6 0 A 2 1 83 3 1 5 0 6 5 0 3 6 3 6 7 1 8 0 7 5 2 2 7 4 3 1 1 0
1 9 6 0 6 1 1 83 3 1 5 0 6 5 0 3 6 3 6 7  1 8 1 2 5 2 3 0 7 2 1 1 0
1 9 6 0 8 2 1 83 3 1 7 7 6 5 1 1 5 0 6 8 2 1 1 9 9 4 8 4 3 3 0 1 0
1960C 1 183 3 1 7 7 6 5 1 1 5 0 6 8 2 1 0 7 5 2 2 7 4 1 0 2 0
1 96 0C 2 1 83 3 1 7 7 6 5 1 1 5 0 6 8 2 1 1 2 5 2 3 0 7 2 0 1 0
1 9 6 0 0 1 183 3 1 7 7 6 5 1 3 6 3 6 B 1 3 1 9 9 4 8 4 3 3 1 1 0
1 9 6 0 0 2 183 3 1 7 7 6 5 1 3 6 3 6 8 1 3 0 7 5 2 2 7 4 1 1 1 1
1 96 0E 1 183 3 1 7 7 6 5 1 3 6 3 6 8 1 3 1 2 5 2 3 0 7 2 0 1 0
Ol
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Appendix I. Additional information on the tissues of the 
three woolly mammoths (Mammuthus primiqenius) used in the 
immunological part of this study. (1)
I. Magadan ("Dima"), male, calf (about 9 months old), col­
lected June 1977 at the Magadan Region, Nilgeri River, nor­
theastern Siberia. This calf was found intact, frozen (see 
Fig. 93), by a bulldozer operator. Samples included "Thigh
1 4
muscles" and clotted blood. Geologic (C ) age: 40,000
years before present (Anonymous, 1978; Shilo, 1978; Kreps et 
al., 1980; Vereshchagin and Mikhelson, 1981). Three samples 
were received at M. Goodman's laboratory, they are:
A. In August 1978 two pieces of air-dried skeletal 
muscle weighing 1.31 grams and 0.2 grams of dried blood were 
sent from Leningrad (USSR) to Detroit, Michigan (USA). The 
muscle samples had the appearance of dried pieces of leather 
or bark of a tree, more than of a muscle, and the dried 
blood resembled a piece of an obsidian rock. Even though 
these tissue samples had previously been thawed and frozen 
three times, after arriving in Detroit they were kept frozen 
when not in use to avoid bacterial contamination.
B. In February 1979 we received a piece of muscle, 
weighing 860 mg, from the same mammoth, courtesy of Allan
C. Wilson (Berkeley, California, USA), for comparisons with 
the "Detroit" material. In contrast to the "Detroit" 
sample, the one from Berkeley was moist, had a putrid odor, 
and the muscle fibers were easily separated from each other; 
it was kept frozen when not in use.
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Figure 93. "Dima", the Magadan woolly mammoth calf (Mam- 
muthus primiqenius, radiocarbon dated 44,000 years before 
present) whose tissues were examined during this study. 
Top: at the site of discovery - Magadan region, USSR; Bottom 
left: air dried samples of clotted blood and muscle, as
received; Bottom right: close up of the muscle tissues
(scale in mm). [Photo credit: Top - A.V. Lozhkin (from V. M. 
Mikhelson), Bottom (both) - M. 1. Barnhart of WSU.]
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C. In October 1980 we received from Leningrad a frozen 
samples of "Thigh muscle," packed in dry ice, and weighed 25 
grams.
II. Taimir (Hatanga or Khatanga), male adult, collected at 
the Taimir Peninsula, Bolshaya Rassokha River, in 1978, by 
members of the expedition headed by Nikolai K. Vereshchagin. 
In October 1983 we received a sample of "Masticatory muscles 
of the right cheek"; sample was dry, not frozen, and weighed
1 4
1.011 grams. Geological (C ) age: 53,000 years before
present (Arslanov et al., 1982).
III. Yuribei (=Yuribey), female, sub-adult, collected at the 
Gydan Peninsula, Yuribei River, in 1979, by members of the 
expedition headed by Nikolai K. Vereshchagin. In October 
1983 we received a sample of "Muscles and fat from groin"; 
sample was dry, not frozen, and weighed 1,022 grams.
1 4
Geological (C ) age: 10,000 years before present
(Vereshchagin, 1981, 1982; see also Sokolov, 1982).
1. Listed in the order of discovery. All mammoths were 
collected at the USSR and sent to us (and to Berkeley) 
courtesy of Soviet scientists Y. A. Ovchinnikov, N. K. 
Vereshchagin, and V. M. Mikhelson.
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Appendix J . The Groleau-White Lake Mastodon [Mammut 
americanum.-radiocarbon dated 10,200 ± 170 years before 
present (see Letter on next page)], also known as "Elmer", 
whose bone tissues where examined during this study.
Figure 94. "Elmer" at Oakland Community College, Highland 
Lakes Campus, Union Lake, Michigan. Top: lateral view of 
skull and shoulder girdle; Bottom left: posterior view; Bot­
tom right: bone dust collected (not seen in this view) for 
protein analysis while drilling holes for supporting rods 
for mounting. [Photo credits: Top and bottom left
J. Shoshani; Bottom right J. H. Bailey of the National 
Geographic Society (see Gray, 1983:68).]
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Appendix J. Continued. Results of radiocarbon dating on 
bone from the Groleau-White Lake Mastodon.
Kotor**
Wt&rWQOO 
9> VAN |U * tN  JWFNUf
VMSIWO^O.WL^JIireEY 0767S 
l20lH»l>4*jn?0 TWK (7l'4SiO-'7Sqi 
A l tU D Y N l COMPANY
October 29, 1968
Mr. Joseph Kelty 
Oakland Community College 
Biology Department 
Highland Lakes Campus 
7350 Cooley Lake Road 
Union Lake, Michigan 48085
Subject: W.O. No. 3-6842-112
Dear Mr. Kelty:
We have listed below the radiocarbon age we have determined 
sample you submitted for analysis.
ISOTOPES 14 Age in Years
Sample Number Sample - 6 C B.P.
1-3774 Mastadon Bone 719 ± 6 10,200 ± 170
If you have any questions concerning these results, please contact 
us. We shall be happy to help in any way possible.
We hope this result will prove helpful in your work, and we look 
forward to serving you again soon.
Sincerely yours,
James Buckley
JB: jsa
Enclosures (2)
on the
B.C.
Date
8250 B.C.
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Appendix K. List o£ species examined in the 
amino acid sequences part of this study.
Common name Scientific name
ELASMOBRANCHII
Portusjackson's horned shark Heterodontus portusjacksoni
TELEOSTEI
Carp Cyprinus carpio
Goldfish Carassius auratus
AMPHIBIA
African frog Xenopus laevis ( M
REPTILIA
Alligator Alliqator 
mississippiensis (a)
Nile Crocodile Crocodilus niloticus (a)
Cayman Caiman latirostris (2)
AVES
Ostrich Struthio camelus
American Rhea Rhea americana (3) 
Aquila chrysaetos (4)Golden Eagle
American Flamingo Phoenicopterus ruber 
ruber (s)
Greyleg Goose Anser anser
Barheaded Goose Anser indicus
Australian Magpie Goose Anseranas semipalmata (*) 
Branta canadensis (7)Canada Goose
Mute Swan Cyqnus olor (7)
Hemples Duck Caxrina moschata (*)
Northern Mallard Anas p. platyrhynchos (')
Ring-necked Pheasant Phasianus c. colchicus (10)
Domestic Chicken Gallus qallus
Common Starling Sturnus vulqaris ( l l )
MAMMALIA
MONOTREMATA
Australian Echidna Tachyqlossus aculeatus
Duckbill Platypus Ornithorhynchus anatinus
MARSUPIALIA
North American Opossum Didelphis virqiniana
Kangaroo Macropus canqoru
EDENTATA
Nine-Banded Armadillo Dasypus novemcinctus
PROBOSCIDEA
Asian Elephant Elephas maximus (1J)
HYRACOIDEA
Rock Hyrax Procavia capensis 
(=P. habessinica) (1J)
ARTIODACTYLA
Domestic Pig Sus scrofa
PERISSODACTYLA
South American Tapir Tapirus terrestris (14)
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A p p e n d i x  K  ( c o n t i n u e d )
Common name Scientific name
White Rhinoceros Ceratotherium simum (ls)
Domestic Horse Equus caballus
Wild Ass Equus asinus
Common Zebra Equus zebra (1 *)
ARTIODACTYLA
Hippopotamus Hippopotamus amphibius (1T)
Arabian Camel Camelus dromedarius
Peruvian Llama Lama peruana
CETACEA
Bottlenosed dolphin Tursiops truncatus (2I)
ARTIODACTYLA
Domestic Cow Bos taurus
Domestic Goat Capra hircus
Domestic sheep Ovis aries
RODENTIA
Domestic Guinea pig Cavia porcellus
Mole Rat Spalax ehrenbergi (*’)
Muskrat Ondatra zibethicus (20)
Common House Mouse Mus musculus
Roof Rat Rattus rattus
INSECTIVORA
Common Eurasian Mole Talpa europaea (21)
Masked Shrew Suncus murinus (22)
European Hedgehog Erinaceus europaeus
CARNIVORA
African Lion Panthera leo
Domestic Cat Felis catus
North American Raccoon Procyon lotor
Coatimundi Nasua narica
Common Harbor Seal Phoca vitulina (22)
Eurasian Badger Meles meles
Polar Bear Ursus (Thalarctos) maritimus
Gray Fox Urocyon cinereoarqenteus
Coyote Canis latrans
Domestic Dog Canis familiaris
SCANDENTIA
Common Tree Shrew Tupaia qlis
CHIROPTERA
Egyptian Fruit Bat Rousettus aeqyptiacus (24)
LAGOMORPHA
Domestic Rabbit Oryctolaqus cuniculus
PRIMATES
Brown Lemur Lemur fulvus
Slow Loris Nycticebus coucang
Slender Loris Loris tardiqradus
Philipine Tarsier Tarsius synchta
Brown Capuchin Cebus apella
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A p p e n d i x  K  ( c o n t i n u e d )
Common name Scientific name
Central American Spider Ateles qeoffroyi
Monkey
Brown-headed Tamarin Saquinus fuscicollis
Entellus Langur Presbytis entellus
Red Colobus Colobus badius
Patas Monkey Erythrocebus patas
Vervet Monkey Cercopithecus aethiops
Sooty Mangabey Cercocebus torquatus
Gelada baboon Theropithecus gelada
Yellow Baboon Papio cynocephalus
Japanese Macaque Macaca fuscata
Rhesus Macaque Macaca mulatta
Orang-Utan Ponqo pyqmaeus
Lowland Gorilla Gorilla g. gorilla
Pygmy chimpanzee Pan paniscus (1 *)
Chimpanzee Pan troglodytes
Man Homo sapiens
Footnotes to Appendix K.
1-25. Species designated with superscript numbers are new, 
i.e., they are not included in Goodman et al., 1982. 
References for the hemoglobin sequences of these species 
are given in Shoshani et al., 1985a.
Note: Species are listed in order in which they appear on 
the complete phylogenetic tree (Figs. 28 and 29 combined, 
details not shown here), from the root of that tree (Elas- 
mobranchii) to the most extreme major branch (Primates).
Appendix L. List of tax* and osteologies! data collected on non-dental charac­
ters. (') I See footnotes (■). ('), (’). and (•) at the end of this appendix.)
<fr £■ 5 7 f U r o q a t e NNY N NN NN-YNVVVNN N N IJN D tJ fm
J O f PMflPTFRA
#  TAXON RAW OATA COLLECTED ( ' ) J f io 1 • C y n o c e p h a  u s NNY N NN NN-YNNYYNN NNNNDNNVN
* C IIIR O P TE P A
£ / 7 0 t D o b s o n la NNV N NN NN-NNNYYNN YNNNDNNYN V VYYVYNW
£ .o ’ 71 1 4 P t e r o p u s NNV N NN NN-NNNYVNN VW MDNNVN VVVYYVNVV
r  & O ' 72 1 R h ln o lo p h u s NNV N fM N N -N V - -V -N YNNNDNNYN VVVVVYNYV
1 '  )< • 1 C o lu m n J IJ S IS 6 ? 8 9  f 11 I I  1 1 1 1 22 22 2 7 2 2 2 2 3 3 3 3 3 3 3 3 3 3 4 4 73 1 C a r o l  11a NNV N NN N N -N V N W H - YNNNDNNYN VVVYYVNVV
N u m b e rs L
0 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 9 9 0 t2 3 4 5 6 7 8 9 0 1 74 1 4 P h y l l o a t o m is W V N NN NN-NVNVVNN YNNNDNNYN VVVVVYNYV
R E P T 1 L IA 7 6 1 M o p s NNV N NN NN-NVNVVNN YNNNDNNYN VVVVVYNYV
1 1 ♦ C h e l y d r a yjNfJMNNN VVN N NO N N -N N N -V N N N N N N -— — NNNNNNY-N P R IM A TE S
2 1 S p h e n o d o n NNNNNNN YVN N NO N N -N N N -V N N N N N N D -- - - NNNNNNV-N 8 0 1 • L e m u r NNV N NN NN-YNNYVNN ^ M *l e v e w e e m VVVVVYNYV
3 1 V a r a n u s NNNNNNN YVN N NO N N *N N N “ YHN NNNNO-------- NNNNNNY-N 81 1 • D a u b e n t o n la NNY N NN NYYVYNVYNN YYYVVYNYV
4 1 C r o c o d t l u s NNNNNNN YVN N NO N N -N N N -V tM NNNND-------- NNNNNNY-N 8 2 1 4 t o r l s NNY N  NN NN-NVNVVNN NNNNIRJNNN VVYVVVNVY
5 1 E u n e c te s NNNNNNN YYN N NO N N -N N N -V H N NNNNO-------- NNNNNNV-N 8 3 1 4 N y c t I c e b u s NNY N NN N N -N y NYYNN UAAAJJUUy  iV P S P « e e e t VVVVVVNVV
C rN O D O N TIA 84 1 4 T a r s i u s NNV N NN N N -N V N -V N N NNNNIMNNN VVYYVVNVV
6 1 * M o s c h o p s NNVNNNV YYN N NO N N -N N N -V N N NNNNO-------- NNNNNNV-N 8 5 1 4 l e o n t o p i f h e e w s NNY N NN N N -N Y N -Y N N VVVVVVNVV
7 1 * T h r 1 n a * o d o n NNVNNNV YYN N NO N N -N N N -V N N NNNND-------- f  ■■HIM .Un ra vA V i i  rs 8 6 1 4 A o tu s YYYYVVV NNY N »#( N N -N Y N -V N N NNNMPJNNN V VY Y VY N W
8 1 • 0 la d e m o d o n NNVNNNV YVN N NO N N -N N N -Y N N NNNND-------- tmxumxiM _ajn r m n m T  n 8 7 1 * C e b u s YYYYYYY NNY N N N -N Y N -Y N N W V V V V N W
9 1 * ♦ C y n o g n a th u s NNVNNNV YYN N NO W I-N N N -V N N NNNN-------- -- NNNNNNV-N 8 8 1 * S a l m l r 1 VYYVVYV NNV N N N -N v N -Y N N iv e v t in n n n VVVYYVNVV
MAMMALIA 8 9 I « C o lo b u s YVVVYYV NNV N NN N N -N N N -V N N VVVVVVNVV
m o n o t r e m a t a 9 0 1 4 M a c a c a VYYVYVY NNY N NN N N -N N N -Y N N n » x «  ■■■■■  f l fW P  e x e e i VVVVVVNVV
10 1 ♦ T a c h y g lo s s u s VVVVVYV YYN Y NN N N -N N N -Y N N NNYNDNNNN NNNNNNYNN 91 1 4 P a p lo NNY N NN N N -N N N -Y N N iwsws e p w i VVVVVVNVV
11 1 Z a g lo s s u s VVVYVVV YVN Y NN N N -N N N -V N N NNYNONNNN NNNNNNV-N 9 2 1 4 P r e s b y t i a  s p . VVVYYYY NNV N NN n n - n n n - y n n tJTTJM 8JNNN VVVVVVNVV
12 1 * O r n l t h o r h y n c h u s YYVVVVV W N Y NN N N -N N N -Y N N NNYNDNNNN NNNNNNYNN 9 3 1 4 My I o b a t e s VVVYYYV NNV N NN N N -N V N -V N N VVVVYVNYY
M A R S U P IA L IA 9 4 1 4 G o r i l i a VVVYVVV NNV N NN N N -N N N -V N N NNNNI P M # * VVVVVVNVV
2 0 1 * D l d e l p h l s YYYYYYY NNY Y YY NN-YNNYDNN rwwwmJrwwwf NNNNNNYNN 9 5 1 4 P a n  ( 2 1 NNV N NN N N -N N N -V N N NTNNIPJNNN VVYVVVNVY
2 1 1 K a rm a s a VVYYYYY NNY Y VV NN-YNNYDNN NNNTONNNN NNNNNNV-N 9 7 1 4 P o n g o NNV N NN N N -N N N -V TM NNNNUNNNN VVYYVVNVV
2 2 1 S a c r o p h l l u s Y W Y V V Y NNV V VY NN-VNVVDNN u j u u n u u i j jr w f l tu i  ssev NNNNNNV-N 9 8 4 H om o NNY N NN N N -N Y N -Y N N n  ■ is e  v i f  v i YYVYVVNVY
2 3 1 «♦ T h y la c l n u s VYYVVYV NNY V VV NN-YNNYDNN NNNNDNNNN NNNNNNYNN C ARNIVO RA ( i n c l u d i n g  P i n n i p e d i a )
2 4 1 M a c ro p u s VVVYYYV NNV Y YY N N-YNYVYNN NNNNO W NN NNNNNNY-N 10O A lo p e x NNV N NN N N -N N N -D N N NNNNDNNNN VVYYVVNVV
2 5 1 P e t r o g a le VYYVYVY W V Y YY NN-NNVVYNN NNNNDNNNN NNNNNNY-N 101 4 C a n is  ( 4 ) m v N NN N N -N N N -O N N NNNNONNNN VVVVVVNVV
2 6 1 D ip r o t o d o n YYYYYYY NNV Y VY NN-VNNVYNV U J U Ig u iJ U k lm w i u m T i NNNNNNV-N 1 05 O tn e y o n NNV N NN N N -N N --D N N t U J U H I U Iim ras /TR W ii VYVVYVNYV
EDENTATA 106 U r o c y o n NNV N NN N N -N N N -D N N !■■■■««» ■»< w ew m Tw evi VVVVVYNYV
3 0 t  * M e g a lo n y x NNV N NN NN-NNNVVHY N W N i f i r r a i 107 4 U r s u s M4V N NN N N -N N N -D N N NfM JD NNNN VVVVVVNVV
31 1 ♦♦ M e g a th e r lu m NNV N NN N N -N N N -V N V NNNNDNNNN 108 N a s u a NNY N NN N N -fM V Y D N N i s s i e *  »iw s iw u n n m VVVVVYNYV
32 1 C y c lo p e s NNY N NN N N -N N N V Y H - NNYNONNNN 1 09 P r o c y o n NNY N NN NN-NNYYDNN is m tU iw e s * VVVVVVNVV
3 3 1 ♦ M y r  m ec o p  h a  g a NNV N NN NN-NNNOVHN NNYNDNNNN 1 10 G * i lo NNV N M l N N -N N N -D N N NNNNDNNNN VVVVVYNYV
34 1 ♦ T a n a n d u a NNV N NN NN-NNNOYHN NNYNONNNN 111 M u s t e l a NNV N NN N N -N N N -D N N NNNNDNNNN VVVVVYNYV
3 5 1 * B r a d y p u s  ( 2 ) NNV N NN NN-NYNYVHY m n n u n m n 1 12 T a x  I d e a NNY N NN N N -N N --D N N Iw rP ttX m S r VVVVVYNYV
3 6 1 ♦ C h o lo e p u s NNV N NN NN-NVNOVHV NNNNDNNNN 1 13 P a r a d o x u r u s NNY N m N N -N N N -D N N fs s in u n n n n VVVVVYNYV
3 7 1 «• C a b a s s o u s NNV N NN NN-NNNDVNN NNNNONVNN 114 V W e r a f# IY N NN N N -N N --D N N MMMMhMNia4 VVVVVYNYV
3 8 1 ♦ O a s y p u s NNY N NN NN-NNNDYNN NNNNONVNN 1 15 H e r p e s t e s YYVVVVV NNV N NN N N -tM N Y D tM UNEMDfMNN VVVVVYNYV
3 9 1 * G ly p t o d o n YYYYVVV NNY N NN NN-NYNOVHV NNNNONVNN 116 M u n q n s VVVYYYY NNV N M J NVYNNN-DNN NNNNDNNNN VVVVVVNVV
IN S E C T !V O R A  ( d i v i d e d  i n t o tw o  o r d e r s b y  M c K e n n a , 1 9 7 5 .  a n d p e r s .  comm ) . 1 17 C r o c u t a YYVVVVV NNY N NN N N -N N N -D N N VVVVYVNYY
4 0 1 ♦ S o le n o d o n VVVYVVV NNY N NN N N -V N N V V H - u u u u n ts s s i im n n u is  is v YVYYVYNYY 118 W ya e n a YYVVVVV NNV N NN N N -N N N -D N N VVVVVYNYV
41 1 P o ta m o g a le f#JY N NN N N -V N -------- N NNNNONNNN VYVVYYNVY 119 A c In p n y x VVYVVVY NNV N NN m -N V W D N N UUUUntABAIT F m n u m n n VVVVVYNYV
4 2 1 T e n r e c NNY N NN N N -V N N V Y H - NNNNDNNNN VVVVVYNYV 1 20 4 P e l I s NNV N NN N N -N V W D N N NNNNONNNN VVYVVVNVY
4 3 1 ♦ C h r y s o c h t o r i s NNV N f * l N N - V N N -Y N - NNNNDNNNN VVVYYYNYN 121 L y n x NNV N NN N N -N V W D N N U U U k fflllU S Iiv re e tu ip ee i YVVVVVNYV
4 4 1 4 E r I n a c e u s NNV N NN NVVVNYYYNN NNNNDW NN YVVYYYNYY 122 • P a n t h e r s NNV N NN N N N N Y V O N N NNNNDEMNN YVVVVVNVV
4 5 1 B1 a t I n a NNV N NN N N -Y N - -Y H - NNNNONNNN VVVYYVNVV 173 • S m lIn d n n VVVYVVV w v N EM NN-NNVVDNN MMNMPNNNN VVVVVYNYV
4 6 1 M y o s o re x NNY N NN N N -V N N -V H - IV A m U M W n VVVVYVNYY 174 A r e t o c e p h a l n s VVVVVYY NNV N NN NN NNVVDNN NNNNDNNNN VVVVVYNYV
47 1 ♦ S e a lo p u s NNY N NN N N -V N N -Y N N NNNNDNNNN VVVYVYNYY 175 F u m e to p la s VVVYYYY NNV N NN NN-NNVVQNN NNNNDNNNN VVYVVVNVY
4 8 1 l a  Ip a NNY N NN N N -V N --Y N N NNNNDNNNN YVYYVYNYY 176 O t a r  la VYYVYVY NNV N NN N N -N N --0 N N NNNNDNNNN VVVVVVNVV
SCANO ENTIA 177 1 Z a ln p lM js VVYVVVY NNV N NN NN NNVVDNN NNNNDtMNN VVYYVVNVV
5 0 1 P t  1 l o c e m s NNV N NN NN-YNNYVNN NNNNONNNN VVVVVYNYV 178 4 O d n h e n t is NNV N NN N N N N N 'D N N NNNNDNNNN VVVVVVNVV
51 1 4 1 u p a la NNV N NN NN-VNYYYNN NNNNONNNN 179 t r iw t r a NNV N NN NN NNM-DNN NNNNDNNNN YVVVVVNVV
Appendix L (continued)
ARCTOCYONIA
131 1 ** A r c t o c y o n NNY N NN NN-NNYYYNN NNNNDNNNN VVVVYYNV-
ACREODI
132 1 M e s o n y x NNY N NN NN-MNYYYNN NNNNDNNNN VYVYYVNY-
C 0N 0Y IA R 1H R A
130 1 p h e n a c o d u s NNY N NN N N-NNVVYNN wvnUNPiwl V VV VYVNV-
133 1 • M e n ls c o t h e r lu m NNY N NN NN-fM N D Y A M NNNNDNNNN VYVVVVNYV
134 1 • P l e u r a s p i  d o  t i t e r  tu n YYYYYYY NNV N NN NN-NNNDYNN NNNNDNNNN VVVVVYNYV
135 1 * P e r I p t y c h u s NNY N NN NN-NNNYYNN NNNNDNNNN YYVVYYNYY
136 1 * E c to c o n u s NNV N NN N N -N N N -Y N N NNNNDNNNN VVVVVVNVV
N0T0UNG ULA1A
1 40 1 T h o n a  a l iu  x  e y e NNY N NN NN-NNVVYNN n m n u n m n V V V V W N V -
141 1 * T o x o d o n NNY N NN YN-NNYYYNN iw rn u rM v i YVYVYYNYV
PANTOOONTA
142 1 ♦♦ P a n to la m b d a NNY N NN N N -N N N -Y N N n r a w m n n YVVVVVNY-
1 43 1 • B e r y la m b d a NNY N NN AM-AJAM-DAM NNNNDNNNN VVYVVVNYV
1 44 1 • C o r y p h o d o n NNY N NN N N-NNYYYNN r p r w u i w e YVYYVYNYY
DINO CERATA
1 45 1 *♦ U l n t a t b e r l u m NNY N NN NN-N A M -Y A M m nam nta ini W W i V W l YYYVVYNY-
em br m h o po d a
1 46 1 A r s I n o l t h e r t u r n NNY N NN NN-NNNYYNN Y YV V YV N Y -
CETACEA
1 5 0 1 Z y g o r h lz a NNY N AM NN-NNYYYNN raVnUrVM  I YYYYYVNYN
151 1 ♦ S t e n e t  l a NNV N NN N N -A 4M -Y A M NNNNDNNNH YYVVYVNYN
1 52 1 P h o c o e n a NNY N NN N N -N N N -Y N N u u u u n k u u u  m n n u i i v v  i YYYYVVNVN
153 1 D e lp h ln a p t e r u s NNY N NN N N -N N N -Y N N i w r r M i n n n VVVYVVNVN
154 1 P h y s e t e r NNY N AM NN-N A M -Y A M m r n u i v v i  i VYVVVVNYN
155 1 T a s m a c e tu s NNY N NN N N -N N --Y N N U M n M j i u1 HINWIliV M 1 YVYVVVNYN
156 1 4 B a la e o n o p t e r a NNV N NN N N -N N N -Y N N kJUJUIUUklUn n n n g r n n n W V V V Y N Y N
S IR E N IA
166 1 *4 P r o r a s to m u s NNY N NN VVDNYNYYNN m n iw n n rn
1 60 1 * H e s p e r o s 1r e n YYYYYYY NNY N NN YYONNN-YNN NNNYDNNNN YYVVYVNYN
161 1 4 D u g o n g YYYYYYY NNY N NN VVDNYNYYNN NNNYONNNN YVVVVVNYN
162 1 * H y d ro d a m a  I a YYYYYYY m v N NN VVDNYNYYNN NNNYDNNNN YVYVVVNYN
163 1 T r I c h e c h u s  I n u n g u is YYYYYYY NNV N NN YYDNVN-YNN NNNYONNNN YVYVVVNYN
164 1 4 T .  u n a t u s YYYYYYY NNY N NN W O N T N -V N N n m r u n v n VYVVVVNYN
165 1 T .  s e n e g a  le n s  I s YYYYYYY NNY N NN V V D N Y --Y N N NNNYDNNNN YVYVVVNYN
O ESM O STYLIA
1 7 0 1 • P a 1e o p a r a d o * 1a YYYYYYY NNV N NN V --N N N -Y N N NAMNDAMAM Z < i
• C o r n e a l  1 l u s P a r t  l e i d a t a O n ly
171 1 *4 D e s m o s t y lu s YYYYYYY NNV N NN Y N -N V N -Y N N MUJMHUJMU
PRO BOSCIDEA
1 80 1 * 4 M o e r 1t h e r l u a NNY N NN NN-NYNYVNN U J U M g J U Uv w in n u r ir in n VYVVVVNYN
147 1 *4 B a r y t h e r lu m NNV N NN Y - -N V - -Y N N WMNDNNNN VYVVVVNYN
181 1 • D e ln o t h e r iu m NNV N NN V --N Y Y Y Y N N n n n n u n n n n VYVVVVNYN
1 90 1 • P a 1a e o e a s t o d o n NNV N NN YVD W V --Y N N ■ j ju u n i ju d uIVwnUIVVIrV YYYYVVNVN
191 1 *4 Mamm ut NNV N NN VVDNVVVVNN IW fvW JrW W YYYYVVNVN
192 1 * 4 G o a p h o t h e r lu a  ( 2 } NNY N NN YYDNVYYYNN w n N u n r n v YYYYVVNVN
194 1 * P a 1a e o 1o ■o d o n NNV N NN VYDNVVYVNN n r a in u n v n VVVYVVNVN
1 95 1 t o x o d o n t a y v y y y y y NNY N NN VVDNVVVVNN N N N n u n rn N YYVVYVNYN
1 96 1 4 € le p h a s NNV N NN YYDNVVVYNN r i w n u m m YYYYVVNVN
197 1 * M anx* i  t h u s NNY N NN VVDNVVVVNN ■ j jm n iA U j■w w nu iM w vi
PER1SSOOACTYLA
2 0 0 1 *4 H y r a c o t h e r lu m NNY N NN NN-NNYOYNN NNNNDNNNN VVVYVVNVN
2 01 1 ♦ H 1p p 1d 1o n NNY N NN n n - m m y o v n n NNNNONNNN YVVVVVNYN
2 0 2 1 4 E q u u s  c a b a t l u s YYYYYYY NNY N NN n n - n n y o y n n N N N rw ra v m YYVVYVNYN
2 0 3 1 * * T 1 t a i t o t l i e r  i g n NNY N NN NN-NVNVVNN NNNNONNNN VVVYVVNVN
2 0 4 1 * M e n o d u s NNY N NN NN-NYNVYNN NNNNONNNN YYYYVVNVN
2 0 5 1 * • M o ro p u s NNV N NN NN-NNNVYNN IVW Ing fW R V VVVYVVNVN
2 0 7 1 4 T a p l r u s  ( 2 ) NNV N NN YN-NNYYYNN NNNNDNNNN YVVVVVNYN
2 0 8 1 • D 1c e r e t h e r l u m NNV N NN NN-NNVVYNN u j u j i u j l j j j  v p p p  w v—v —- VVVYYVNVN
2 0 9 1 4 R h in o c e r o s NNV N NN NN-AMVYYAM WNNPHAJNAJ W V V VY N Y N
2 t o 1 B a l u c h i  t l» e r  lu m NNV N NN NN-NNYYYNN iv x in u n n r p i YVVVYYNYN
HYRACO IDEA
2 2 0 1 D e n d r o h y r a * NNV N NN NN-NNYYYNN NtpaJDtJNNN YVVVVVNVV
2 2 1 1 H e t e r o h y r a x NNV N NN NN-NNVVYNN NNNNDNNNN VVVVVYNYV
2 2 2 1 4 P r o c a v la  ( 2 ) NNV N AM NM-NNYYYNN NNNNONNNN VVVVVVNVV
TU flU l. ID E N TA T A
2 3 0 1 * O r y c t a r o p u s  g a u d r y t YYYYYYY NNV N NN NN-VNNDYNN l u u i u u u ii m n u m m YVVVVVNVV
2 3 » 1 4 O . a f e r NNV N NN NN-VNNOVNN AMAMDAMNN VVVVVYNYV
A R T tO D A C rV LA
2 4 0 1 P h a c o c h o e r u s NNV N NN NN-NNVQVNN NNNNDNNNN VYVVVVNYN
2 4 1 1 4 S u s NNV N NN AM-AMYDYAM VYVVVVNYN
2 4 2 1 la y a s s u v v v v v v v NNV N NN NN-NNVDVNN i i i n a im a M ir a v v w i v w i VVVYVVNVN
2 4 3 1 4 H ip p o p o ta m u s YVVVYYY NNV N NN NN-NNVDVNN NNNNONNNN VVVVVVNVN
2 4 4 1 • P r o m e r y c o c h o e r u s VVVYYYV NNV N NN NN-NNVDVNN U L U jn i ju u i VVVYYVNVN
2 4 5 1 4 C a m e lu s VVVYYYV NNV N NN NN-NNVDVNN i j u u j n i u > in a H a u m m VYVVVVNYN
2 4 6 1 Lam a VVVVVVV NNV N NN n n - n n v d v n n U m j u v j u m iIW P 'V fP w ll’f VYVVVVNYN
2 4 7 1 H y e m o s c h u s NNV N NN N N -N N --V N N NNNNDNNNN YVVVVVNYN
2 4 0 1 T r a g u f u s m v N NN N N -N N --Y N N I M f l j n i M Un n n n iJ iw w YVVVVVNYN
2 4 9 1 ♦ M e g a lo c e r o s NNV N NN AM-AMVQVNN U A U t lU U In r a w g i i  v v i W V V V Y N Y N
2 5 0 1 4 A t e a s NNV N NN NN-NNvO VNN r p v r a j i w n VVVYYVNVN
2 5 1 1 C e r v u s NNV N AM N N - IM - -V N N U M J IJ M id U l VVVYVVNVN
2 5 2 1 4 G l r a f f a NNV N NN NN-NNVDVNN NNNNDNNNN VVVYVVNVN
2 5 3 1 B is o n NNV N NN NN-NNVDVNN W V W IW W i VVVYVVNVN
2 5 4 1 ♦ B o s NNV H NN NN-NNVDVNN NNiaADNNNN YVVVVVNYN
2 5 5 1 G n ? e l la NNV n NN AM-AMYOVAM n v m / r a v v i YVYVVVNYN
2 5 6 1 I r a o e t a p h u s VVVVVVV NNV H NN NN-NNVDVNN * ifc— m.mn  im m t/r V W I
P M Q LID 0 1 A
2 6 0 1 M a n Is  J a v a n I c e VVVVVVV NNV H NN N N -N N N -V H - NNYNDNNNN YVVVVVNNY
2 6 1 1 4 M . p e n t a d a c t y l e VVVVVVV NNV N AM A M -A M N -V H - NNYNONNNN YVVVVVNNV
2 6 2 t M . t e m m ln c M v v v v v v v NNV N NN N N -N N N -V H - NNYNDNNNN VVVVVVNNV
RODENT 1A
2 7 0 1 4 A p l n d o n t l a v v v v v v v NNV N AM NYYNNN-VNN i B i i n i i t iWPOTUVVWW VVVYYVNVV
2 7 1 1 4 M a rm o ta v v v v v v v NNV N NN NYVAM N-VAM NNNNDNNNN VVVVVVNVV
2 7 2 1 S c lu r u s  c a r o l I n e n s l v v v v v v v NNV N NN NYYNNN-VNN n n n n d n n p a n VVYVVVNVY
2 7 3 1 S p e r m o p h l lu s v v v v v v v NNY N NN N Y V N N --  VNN NNNNDNNNN VVYVVVNVY
2 7 4 1 T a m la s c lu r u s v v v v v v v NNV N NN NYYNNN-VNN n m n u i i i n VVVVYVNYY
2 7 5 1 4 G eo m ys NNY N a m NYYNNN-VNN NNNNDNNNN VVYVVVNVY
2 7 6 1 Thom om ys NNY N NN N V V N N --V N N NNNNDNNNN VVVVVYNYV
2 7 7 1 D lp o d o m y s NNV N NN NYYNNN-VNN »M ■ ■ ■ !w w r n / m w VVVVVVNVV
2 7 8 1 P e r p g n a t h u s NNY N NN N Y Y N N --Y N N U U J J U U A In iw iw n n n n VVYYVVNVV
2 7 9 1 4 C a s t o r YVVVYYY NNY N NN NYYNNN-VNN w w x m w i YYVYYYNYV
• C a s t o r o id e s I d e n t i c a l  d a t a t o t h a t  o f  C a s t o r
2 9  1 1 4 A n o m s lu r u s v v v v v v v NNV N NN NVYNNYYVNN NNNNDN1d4N V y y w y NVV
2 8 2 1 4 P r d r t M NNY N NN NVYNNYVYNN iw w w n n r i r i VVVVVVNVV
2 8 3 1 C r l e e t u s NNV N NN N W N N --V N N VVVVVVNVV
7 8 4 1 N n o to m a NNV N NN N Y Y N N --V N N k K IB ffU U B Ju n m n v v v i VVVVVVNVV
2 9 5 1 O ry y o m y S NNV N NN N V Y N N --V N N NNNNDNNNN VVVVVVNVV
2 8 6 1 P e r o m y s c u s NNY N NN NYYNNN-YNN YVVVVVNVV
2 9 7 1 S lg m o d o n NNV N NN NYYNNN-VNN NNNNDNNNN VVVVVVNVV
2 9 8 1 S p a  l a x NNV N NN NYYNNN-VNN NNNNDNNNN VVYYVVNVV
2 9 9 1 R h l / o m y s NNY N NN N Y Y N N -- VNN NNNNDNNNN YYVYYYNYV
2*10 1 A r v l c o i a NNV N NN N Y Y N N --V N N NNNNDNNNN VVYVVVNVY
2 0  » 1 A i n  n t u s NNY N NN NYVNN VNN NN N N D N N N N VVVVYVNYY
2 9 ? 1 O n d a t r a NNV N NN N W N N N -V N N NN N N D N N N N Y V V V V V N V V
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Footnotes (see
Appendix L (continued)
Footnotes to Appendix L-
1.  L i s t i n g  o f  v e r t e b r a t e  c l a s s e s  a f t e r  R o m e r ( 1 9 6 6 ) .  o f  e x t a n t  m a m m a lia n  t a x a  a f t e r  H o n a e k l  e t  a l . ( 1 9 6 2 ) ,  a n d  o f  e x t i n c t  - a n a l l a n
o r d e r s  a f t e r  S te p s o n  ( 1 9 4 5 )  a n d  M c K e n n a  ( 1 9 7 5 ,  a n d  p e r s .  c o t * * . ,  1 9 6 6 ) .  O n ly  g e n e r i c  n a o e s  a r e  g i v e n  h e r e ;  f o r  c o n p l e t e  l i s t i n g
o f  r o d e n t t a n  a n d  p r o b o s c id e a n  s p e c ie s ,  s e e  A p p e n d ic e s  M a n d  N ,  r e s p e c t i v e l y .  N u m b e rs  I n  p a r e n t h e s e s  (  )  t o  t h e  r i g h t  o f  a  t a x o n
( s e e  f o r  e x a m p le ,  9 r a d v p u s  a n d  C a n t s ) I n d i c a t e  t h a t  tw o  a n d  f o u r  s p e c ie s  w e re  e x a m in e d  f o r  t h e s e  g e n e r a ,  r e s p e c t i v e l y .
A n  a s t e r i s k  ( * )  t o  t h e  l e f t  o f  a  t a x o n  i n d i c a t e s  e x t i n c t ;  a  t o t a l  o f  5 0  e x t i n c t  g e n e r a  w a s  e x a m in e d .
A p l u s  1 + )  t o  t h e  l e f t  o f  a  t a x o r  I n d i c a t e s  t h a t  I t  w a s  i n c o r p o r a t e d  i n  t h e  f i n a l  m a x im u m  p a r s im o n y  (H P )  a n a ly s e s  o f  PAUP ( a f t e r
S w o f f o r d .  1 9 8 4 )  a n d  GMPM ( a f t e r  G c o d m a n  e t  a l . .  1 9 6 2 ) .  T h e r e  a r e  1 0 0  g e n e r a  m a rk e d  w i t h
2 .  S p e c ie s  n u m b e r  a s  e m p lo y e d  i n  t h e  MP a n a ly s e s .  T h e  t o t a l  n u m b e r  o f  s p e c ie s  i s  2 4 4 .  [S e e  f o o t n o t e  N o .  1 a b o v e  f o r  (  ) t o  t h e
r i g h t  o f  a  t a x o n . )
3 .  F o ld e r  n u m b e r ;  t h e r e  a r e  a  t o t a l  c f  s e v e n  f o l d e r s  i n  w h ic h  t h e  s p e c ie s  n u m b e rs  r e p e a t  t h e m s e lv e s ,  a n d  t h e  d a t a  a r e  c o n t i n u o u s  f o r  
a g i v e n  s p e c ie s  f r o m  F o ld e r  f  t h r o u g h  F o ld e r  7 .
4 .  T h e  r a w  d a t a  a r e  a r r a n g e d  s u c h  t h a t  e a c h  c o lu m n  r e p r e s e n t s  o n e  c h a r a c t e r ,  W i t h i n  e a c h  c o lu m n ,  d e p e n d in g  o n  t h e  c o n d i t i o n
d e s c r i b e d ,  c o d in g  o f  a  c h a r a c t e r  i s  e i t h e r  1n  a  b i n a r y  s y s t e m  | Y ,  N  ( o r  A ,  B i n  T a b le  5 2 ) ]  o r  I n  a  m u l t i s t a t e  s y s t e m  ( V ,  N ,  D ,  o r  
H ) ;  s e e  S e c t i o n  B . 2 - S  u n d e r  METHODS f o r  d e t a i l s .  A c o m p le t e  l i s t i n g  o f  c h a r a c t e r s  I s  n o t  g i v e n  h e r e  b u t  o n l y  t h o s e  s y n a p o m o r p h le  
c h a r a c t e r s  a b o v e  t h e  o r d i n a l  l e v e l  a r e  p r e s e n t e d  I n  T a b le  3 3 ,  b e c a u s e  t h e y  a r e  p e r t i n e n t  t o  t h i s  d i s s e r t a t i o n .
T h e  o s t e o l o g i e s !  d a t a  p r e s e n t e d  i n  t h i s  t a b l e  w e re  c o l l e c t e d  I n  v a r i o u s  m u se um s ( s e e  A p p e n d ix  0 ) .  I n  s o m e  c a s e s ,  w h e n  d a t a  c o l ­
l e c t e d  w e r e  in c o m p le t e  ( d u e  t o  n l s s l n g  b o n e s  o r  p a r t s  o f  b o n e s ,  o r  d u e  t o  u n p r e p a r e d  p a l e o n t o l o g i c a l  s p e c t m e n s ) ,  1 r e f e r r e d  t o  
t h e  l i t e r a t u r e  f o r  a d d i t i o n a l  I n f o r m a l  i o n .  T h e  f o l l o w i n g  l i s t  o f  r e f e r e n c e s  I s ,  I n  m o s t  c a s e s .  J n  a d d i t i o n  t o  t h o s e  m e n t io n e d
a b o v e  o r  i n  t h e  t e x t ;  t h e s e  r e f e r e n c e s  a r e  p r e s e n t e d  f o r  e a c h  t a x o n  1n  t h e  s e q u e n c e s  I n  w h ic h  t h e y  a p p e a r  i n  t h i s  a p p e n d ix :
GENERAL: H a e c k e l  ( 1 8 6 6 ) .  T u r n e r  ( 1 8 7 6 ) ,  B e d d a r d  ( 1 9 0 2 ) .  G r e g o r y  ( 1 9 1 0 ,  1 92 0 ,  193 5b ,  1947 ,  1 9 4 9 ) ,  C la r k  a n d  S o n n ta g  ( 1 9 2 6 ) ,  S im p s o n
( 1 9 3 7 ,  1 9 4 5 ) .  H a in e s  ( 1 9 5 0 ) .  G r a s s e  ( 1 9 5 5 ,  1 9 6 7 ) ,  E l l a s  a n d  B o r t n e r  ( 1 9 5 7 ) ,  C a in  ( 1 9 5 9 ) .  R o m e r ( 1 9 6 6 ) .  P a y e r  ( 1 9 6 8 ) ,  P a t t  a n d  
P a t t  ( 1 9 6 9 ) .  T h e n lu s  ( 1 9 6 9 ) ,  O ls e n  ( 1 9 7 1 ) ,  M o o r ls  ( 1 9 7 2 ) ,  H o w e l l  a n d  C o p p tn s  ( 1 9 7 4 ) ,  M c K e n n a  ( 1 9 7 5 ) ,  W a lk e r  ( 1 9 7 5 ) ,  J e n  s o n  
( 1 9 7 6 ) .  O r r  ( 1 9 7 6 ) .  A r c h i b a l d  (  1 9 7 7 ) ,  N o v a c e k  ( 1 9 7 7 ,  1982 .  1 9 8 6 ) ,  S z a la y  ( 1 9 7 7 ) .  S a t c h e l  I  ( 1 9 7 8 ) .  V a u g h a n  ( 1 9 7 9 ) .  L a u d e r  ( 1 9 8 1 ) ,  
B o n d e  ( 1 9 8 4 ) .  R o t h  ( 1 9 8 4 ) ,  a n d  S h c s h a n l  ( 1 9 8 6 ) .
REPT1LIA: Romer (1956. 1966). McDowell (1978). andBellalrs and Kama) (1981).
CYNOOONTIA: Watson (1911). Brolll and Schroder (1934), Brink (1955), Estes (1961), Presley (1980). and Kemp (1962).
MONOIREMATA: Augee (year not given), Watson (1916), Gregory (1947), Grasse (1955. 1967), Murray (c. 1980). and Presley (1980. 1981). 
MAftSUPIALlA: Gregory (1910). Simpson (1945). Grasse (1955. 1967). Presley (1981). and Marshall (1984).
EDENTATA; G r e g o r y  ( 1 9 1 0 ) .  S im p s o n  ( 1 9 4 5 ) .  R o s e  ( 1 9 7 8 ) .  T a y l o r  ( 1 9 7 8 ) ,  R o s e  a n d  E m ry  ( 1 9 8 3 ) .  a n d  B a r lo w  ( 1 9 8 4 ) .
IMSECTIVOM: Gregory (1910), LMIegraven et al. (1981). Novacek (1986), Novacek et al. (1983. 1985). and Yates (19B4).
SCANDENTIA: Novacek (19801. and Szalay and Drawhorn (1980).
DERMOPTERA: Yates (1984) [see also Grasse (1955, 1967)].
CHIROPTERA: Koopman (1984). and Novacek (1985b) (see also Grasse (1955. 1967)].
PRIMATES: Keith (1911), James (I960). Day and Wood (1968). Leakey et al . (1976), Cartmlll ( 19781. Clodion and Chtarel 1 1 ( 1980)
Cartmlll et al (1981). MacPhee (1981), and Thorlngton and Anderson (1984).
CARNIVORA: AtkIns and 0111 Ion (1971). £wer ( 1973). Gallano and Fra I ley ( 1977). Gould ( 1978), and Flynn and Gallano (1982)
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Appendix L (continued)
COMJVLMTHM: Osborn ( 1324). Simpson (1945). Gazin (1955), Szalay and Gould (1956). andClfelH ( 1981. 1982. 19S3a-b).
NDTOUNGULATA: Simpson (1945), and McKenna (1956).
PAMTOOONTA: Osborn and Granger (193?). and Simpson ( 1945)-
DINOCERATA: Osborn and Granger (1932). and Simpson (1945).
EMBRITHOPOOA: Andrews (1906). and Tanner <1978).
CETACEA: Stromer (1908). Andrew (1921). R1dewood (1922). Kellogg (1936). Van Valen (1968). Whitmore and Sanders (1976). Barnes and 
Mitchell (1978). and Barnes et al. (1985).
SIRENIA: Brandt (1846), Murle (1874), Matthes (1912), Hatt (1934a.), Whitfield (1975), Savage (1976). Husar (per. comm., 1977. 
1978a-c). Oomnlng (1977. I978a-c, 1982. 1983), and Domnlng et a!. (1986).
OESMDSTYLIA: Mitchell (1963). Shikama (1966). and Oomnlng et al (1986)
PROBOSCIDEA: Blair (1710. 1718). Mayer (1845), Falconer and Cautley (1846). Watson (1872), Gregory (1903). Imperial Academy of
Sciences (1903-1914). Loomis (1914), Eales (1926). Andrews and Cooper (1928). Hill (1938, 1953). Frade (1955)., Skeels (1962), 
Ansel I (1971). Klngdon (1971). Olsen ( 1972). El-Khashab (1974. 1979, 1983). Magllo ( 1974), Moustafa < 1974a-b). Madden ( 1977). 
Tassy (1981, 1985), Sctwidt-Nielsen (1984), Shoshanl et al. (1965c). Domnlng et al. (1986). and Mahboubl et a). (1986).
PERISSODACTTLA: Osborn (1929a-b). Chubb (1934), Gregory (1935a). Granger and Gregory (1936). MacFadden (1976). Churcher and
Richardson (1978). and Radinsky (1984).
HYRACOIDEAt Owen (1832), Matsumoto (1926), Fox (1933), Hahn (1934), Hatt (1936), Kltehtng (1965), Bothma (1971), Klngdon (1971). 
Kyou-Jouffroy (1971s-b), Roche (1972, 1978), Slaughter et al. (1974). Dubrovo (1978), Hoeck (1978), Jones (1978), and Olds and 
Shoshanl (1982).
PAENUNQULATA: Andrews (1906). Matsumoto (1923). Simpson (1945), Hopwood and Hotlyfleld (1954), Thenlus (1969). Coryndon and Savage
(1973), Novacek (1982). Smtthers (1983). Novacak and Wyss (1985). Domnlng et al. (1986), and Shoshanl (1986).
TUBUL1DCNTATA: lonnberg (1905), Broom (1909a-b), Sormtag (1925), Jepsen (1932), Colbert (1933), Hatt (1934b), Freehkop (1936, 1937),
Maclnnes (1956), Plckford (1975), Melton (1976). MeNab (1984), Shoshanl et al. (1986), and Thewtssen and Badoux (1986).
APTIOOACTYLA: Frick (1937), webb (1965). Taylor and Webb (1976), Gantry ( 1980), Rose (1982. 1985), Russell et al. (1983), Thewtssen 
et al. (1983). and Fortellus (1985).
PHOLIDOTA: Grasse (1955, 1967). Segal (1973), Barlow (1984), see also Rose (1978), and Rose and Emry (1983).
RQOCffTlA: Moore (1959), Woods (1972), Wahlert (1972-1983). Roland and Weir (1974). Cooper and Schiller (1975). Emry and Thorlngton 
(t982). and Luekett and Hartenberger (1985).
LAGOMOftPHA: Gidley (1912), Bens ley (1938). Wood (194Q. 1957), Van Valen (1964). Barone et al. ( 1973), McKenna ( 1982). Dlerslng
(1984). and Bleefeld and McKenna (1985).
tUCROSCELIDEA: Cotdlron (1977). Koontz and Roeper (1983). Novacek (1984). and Yates (1984).
lhe following refeiences deal specifically with bacula (os penes) In the Mammalia: Ruth (1934). Dldler (1948. 1953) 6urt (I960)
Hooper (1961). Krutzsch (1963). Sah.in (1967). Patterson and Ihaeler 11982). and George (1985)
ihr books by Allen (1939). Simpson (1945). Romer (1966). Corbet (1978). end Honaekl et al. (1982) were frequently consulted with 
regards to species names and distributions. 553
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Appendix M. Rodentia species examined during the 
osteological part of this study. (M
SCIENTIFIC NAME COMMON NAME
Family: Aplodontidae 
Aplodontia rufa Mountain Beaver
Family: Sciuridae 
Marmota monax 
Sciurus niger 
Spermophilus beecheyi 
Tamiasciurus hudsomcus @
Woodchuck
Eastern Fox Squirrel 
California Ground Squirrel 
American Red Squirrel
Family: Geomyidae 
Geomys bursarius 
Thomomys bottae
Plains Pocket Gopher 
Valley Pocket Gopher
Family: Heteromyidae 
Dipodomys ordii 
Peroqnathus californicus
Ord Kangaroo Rat 
California Pocket Mouse
Family: Castoridae 
Castor canadensis 
Castoroides ohioensis(+)
Beaver
Giant Beaver
Family: Anomaluridae 
Anomalurus peli Scaly-tailed Squirrel
Family Pedetidae 
Pedetes capensis Springhaas
Family: Cricetidae 
Cricetus cricetus 
Neotoma fuscipes 
Oryzomys lonqicaudatus 
Peromyscus maniculatus @ 
Siqmodon hispidus @
Common Hamster 
Dusky-footed Woodrat 
Chilean Rice Rat 
White footed mouse 
Cotton Rat
Family: Spalacidae 
Spalax ehrenberqi Mole Rat
Family: Rhizomyidae
Rhizomys ?senex/ventralis Bamboo Rat
Family: Arvicolidae 
Arvicola terrestris 
Microtus pennsylvanicus 
Ondatra zibethicus
Water Vole 
Meadow Vole 
Muskrat
Family: Muridae
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Appendix M (Continues)
SCIENTIFIC NAME COMMON NAME
Mus musculus 
Rattus rattus
Common House Mouse 
Roof Rat
Family: Gliridae 
Eliomys cruereinus Garden Dormouse
Family: Zapodidae 
Zapus hudsonius Meadow Jumping Mouse
Family: Dipodidae 
Jaculus orietalis African Jerboa
Family: Hystricidae 
Atherurus africanus 
Hystrix indica
Brush-tailed Porcupine 
Indian Porcupine
Family: Erethizontidae 
Coendou prehensilis @ 
Echinoprocta rufescens @ 
Erethizon dorsatum
Coendou
Upper Amazon Porcupine 
North American Porcupine
Family: Caviidae 
Cavia porcellus 
Dolichotis pataqonum
Domestic Guinea Pig 
Mara
Family: Hydrochaeridae
Hydrochoerus hydrochaeris Capybara or Carpincho
Family Heptaxodontidae (+) 
Elasmodontomys obliquus @ Elasmodontomys
Family Dinomyidae 
Dinomys branickii @ Pacarana or False Paca
Family: Agoutidae 
Aqouti paca Paca
Family: Dasyproctidae 
Dasyprocta leporina Agouty
Family: Chinchillidae 
Chinchilla laniqera Long-tailed Chinchilla
Family: Capromyidae 
Capromys sp. Long-tailed Hutia
Family: Myocastoridae 
Myocastor coypus Nutria
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Appendix M (Continues)
SCIENTIFIC NAME COMMON NAME
Family: Octodontidae 
Octodon dequs South American Bush Rat
Family: Ctenomyidae 
Ctenomys conoveri Tucotuco
Family Abrocomidae 
Abrocoma bennetti @ 
A. cinarea @
Rat Chinchilla 
Rat Chinchilla
Family: Echimyidae 
Proechimys quairae 
Thrichomys apereoides
South American Spiny Rat 
Thrichomys
Family: Thryonomyidae 
Thryonomys swinderianus African Cane Rat
Family: Petromyidae 
Petromus typicus African Rock Rat
Family: Bathyergidae 
Bathyerqus suillus 
Cryptomys hottentotus
Cape Mole Rat
South African Mole Rat
Family: Ctenodactylidae 
Ctenodactylus qundi Gundi
TOTAL 54 Species 
34 Families ( 2 )
1. Listing of species follows that of Honacki et al.f 1982.
2. This total number of species incorporates 34 out of 35 
families listed in Honacki et al. (1982); Seleviniidae 
is the only rodent family not represented.
@ = Species added after the foramina study (presented in 
Paris, France, July 1984).
(*) = extinct.
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Appendix N. Proboscidean species examined during 
the osteological part of this study. (x)
SCIENTIFIC NAME COMMON NAME
Moeritherioidea (+)
Moeritheri idae 
Moeritherium lyonsi 
M. andrewsi '
Barytherioidea (*)
Barytheri idae 
Barytherium grave 
Barytherlum sp.
Deinotherioidea ( * )
Deinotheri idae 
Deinotherium qiqanteum
Elephantoidea 
Palaeomastodon beadnelli (*) (2) 
P. parvus (*) '
Phiomia sp. (*) (3)
Mammutidae (*)
Eozyqodon morotoensis (4) 
Mammut americanum
Gomphotheriidae (*) 
Gomphotherium anqustidens
G. qiqanteus (5)
G . producturn
Elephantidae 
Loxodonta africana africana
L . a . cyclotis
Elephas maximus (‘)
Elephas falconeri (*)
Elephas sp. (*) (7)
Mammuthus columbi (+) (*)
M. impeTator {*) (*)
M. prlmiqenius (*)(*)
Moeritherium
Moeritherium
Barytherium
Barytherium
Deinotherium
Palaeomastodon
Palaeomastodon
Palaeomastodon
Eozygodon 
American Mastodon
Gomphotherium or 
long-jawed mastodon 
Gomphotherium or 
long-jawed mastodon 
Gomphotherium or 
long-jawed mastodon
African Bush 
Elephant 
African Forest 
Elephant 
Asian Elephant 
Dwarf Elephant or Mammoth
Columbian Mammoth 
Imperial Mammoth 
Woolly Mammoth
Footnotes to Appendix N (next page)
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Footnotes to Appendix N
1. Classifications of the Proboscidea is given in Table 45, 
and data collected and number of specimens examined are 
provided in Table 52. Listing in this appendix follows 
Tassy's (1985) general classification (see Table 45b).
(*) = extinct taxon/species.
2. Osborn (1936, 1942) placed Palaeomastodon in Palaeomas- 
todontidae, while Simpson (1945) placed it in Gom- 
photheriidae.
According to Coppens et al. (1978:341) P^ parvus and P. 
wintoni are synonyms of P^ beadnelli, but according to 
Tassy (1986) this synonymy "...does not work".
3. Possibly Phiomia serridens, earlier name was Palaeomas­
todon wintoni (after Tassy, 1982, and pers. comm.).
4. Eozyqodon morotoensis was described by Tassy and Pick- 
ford (1983)^  1 examined an astragalus belonging to this 
species.
The catalogue number for this specimen is KNM-ME 7554. 
It was discovered in Meswa (Kenya) during 1980-1981 by 
Martin Pickford. The site where this specimen was dis­
covered is believed to be the oldest in East Africa, 
Early Miocene (about 20-25 mybp).
5. Gomphotherium qiqanteus (Trilophodon giganteus of Os­
born, 1921:7) may be a synonym of G^ productum.
6. Includes all three subspecies of Elephas namely: E. 
maximus maximus, E. nu indicus, and E^ nu sumatranus 
(See Shoshani and Elsenberg, 1982).
7. Includes a few Elephas specimens, e.g., E^ namadicus, 
Palaeoloxodon antiquus (a synonym after Maglio, 
1973:31), E. platycephalus, and E_j_ recki.
8. Includes Mammuthus species that were synonymized by 
Maglio (1973), e.g., M^ jef fersoni and M^ roosevelti. 
[See also comments by Agenbroad, 1984.]
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Appendix O. List o£ Museums and Field Locales in which os 
teological material was examined during this study.
MUSEUM/LOCATION TAXA EXAMINED DATES
American Museum of
Natural History, New
York, USA
University of Nebraska 
State Museum, Lincoln, 
Nebraska, USA
National Museum of 
Natural History, Smith­
sonian Institution,
Washington, D.C., USA
Exhibit Museum, Univer­
sity of Michigan, Ann 
Arbor, Michigan, USA
Alfred P. Sloan Museum, 
Flint, Michigan, USA
Wayne State University 
Museum of Natural His­
tory, Detroit, Michigan, 
USA
Miami University, Oxford, 
Ohio, USA
Oakland Community Col­
lege, (Highland Lakes 
Campus), Union Lake, 
Michigan, USA
Musee Royal d'Histoire 
Naturelle de Belgique, 
Brussels, Belgium
Museum of Africa, Ter- 
veuren, Belgium
Mammalia (part),
Proboscides
(part)
Proboscidea 
(part), Mam­
malian (part)
Mammalia (part),
Proboscidea
(part)
Mammalia (part), 
Proboscidea 
(part)
Mammut america-
num, Mammuthus 
sp. (part, both)
Mammalia (part), 
Loxodonta 
africana
(skull), Elephas 
maximus
Desmostylia
MammutT“amerlcanum
(part)
Proboscidea
(part)
Loxodonta
africana and L.
July-Sept., 
Dec. 1977, 
Jan. 1978, 
Feb. 1980, 
Feb. 1983
July 1979
July-Sept.
1979, Jan. 1980
Of f-and-on 
during 1980' 
1985
Feb. 1980
Feb. 1980
through 1985
June 1981
Sept. 1981 to 
June 1982
Aug. 1982
A u g .  1 9 8 2
a . cyclotis
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Appendix 0 (continued)
MUSEUM/LOCATION TAXA EXAMINED DATES
Swedish Museum of Natural 
History, Stockholm,
Sweden
Loxodonta
africana
Zoological 
Leningrad, USSR
Museum,
_________ and
Elephas maximus
Mammuthus sp.
Geological Museum, Cairo, 
Egypt
National Museum of Kenya, 
Nairobi, Kenya
Kidepo Valley National 
Park, Uganda
Wankie National Park, 
Zimbabwe
Department of Zoology, 
Hebrew University,
Jerusalem, Israel
British Museum (Natural 
History), London, England
Field Museum of Natural 
History, Chicago, Il­
linois, USA
University of Florida 
State Museum, Gaines­
ville, Florida, USA
Museum of Natural His­
tory, Michigan State 
University, East Lansing, 
Michigan, USA
Museum National
d'Histoire Naturelle, 
Paris, France
Proboscidea 
(part), Paenun- 
gulata (part)
Loxodonta
africanlTT Pro-
boscidea (part)
Loxodonta 
africana
Loxodonta 
africana
Mammuthus 
W -  Tpart)
Proboscidea and 
Mammalia (part)
Probosc idea 
(part)
Proboscidea
(part)
Rodentia, Mam­
malia (part)
Paenungulata, 
Rodentia (part)
Aug. 1982
Aug. 1982 
Oct. 1982
Nov. 1982
Dec. 1982 
Dec. 1982 
Dec. 1982
Jan.-Feb. 1983
June 1983,
Dec. 1984-Jan 
1985
June 1983
March-May
1984
June-July
1984
Appendix P. Taxa and museum locations o£ the stylohyoidea 
specimens examined in this study, N = 47. ( M
Taxon Museum Number or other designation/s (1)
Mammut americanum UM 23498 (pair), belong to the mounted skeleton
UM 54910 "Skstrup Mastodon", right side,
UM 57648, "Johnson Mastodon" (pair),
Same locality as the "Johnson Mastodon",
UM V59936 "Kuhl Mastodon"
on exhibit.
Mammut americanum BMNH DVP M4816
Mammut americanum FMNH PM8381
Mammut americanum F.AMNH DVP 116793, 116794
Gomphotherium sp. F.AMNH DVP 103204, 103208
Serridentinus productus F.AMNH DVP 116792
Loxodonta a. africana AMNH 35185, 42496 ("Sultana"), 88404, 217099, Not catalogued.
Loxodonta a. cyclotis AMNH 35591, 90102
Loxodonta a. africana BMNH 1961.8.9.82, Not catalogued (fetus)
Loxodonta a. africana FMNH 18843, 53749
Loxodonta a. africana KNM OM 2209, 2210
Appendix P (continued)
Taxon Museum Number or other designation/s (*)
Loxodonta a. africana 
Loxodonta a. africana
Loxodonta a. africana
Elephas maximus
Elephas maximus
Elephas maximus
Elephas maximus
Elephas maximus
Elephas maximus
Mammuthus columbi
Mammuthus primiqenius
From Kidepo Valley National Park, Uganda 
MNHN CA 1871-84
NMNH 163319, 163319 (as identified on specimen), 
270993, Not catalogued
AMNH 39081 ("Gunda"), 39085, 54451,
54453 (Vernay's Collection), Not catalogued
BMNH 7.3.18.1, 1915.5.1.1 (3 days old)
FMNH 34918
NMNH 240476, 266911, 282837, 46939/85485,
UMMZ 157850 ("Mini")
WSUMNH ("Iki")
NMNH J9935 (from the private collection D.
Stanford and G. Haynes, Dept, of Anthropology)
F.AMNH DVP 97223
Footnotes to Appendix P (next page)
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Footnotes to Appendix P
(1.) Paired stylohyoidea or an odd stylohyoideum from one animal were counted as one 
specimen.
(2.) Abbreviations:
AMNH = American Museum of Natural History, Department of Mammalogy (New York)
BMNH = British Museum Natural History (London)
BMNH DVP = as above, Department Vertebrate Paleontology
F.AMNH DVP = Frick Collection, American Museum of Natural History,
Department of Vertebrate Paleontology
FMNH = Field Museum of Natural History (Chicago)
FMNH PM = as above, Paleontology Mammals
KNM OM = Kenya National Museum (Nairobi), Osteology Mammals
MNHN CA = Museum National d'Histoire Naturelle, (Department of)
Comparee Anatomie, Paris, France
NMNH = National Museum of Natural History (Smithsonian Institution, Washington, D.C.)
UM = University of Michigan (Ann Arbor), Department of Vertebrate Paleontology
UMMZ = as above. Museum of Zoology
WSUMNH = Wayne State University Museum of Natural History (Detroit, Michigan).
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Appendix Q. A protocol for running various computer 
programs employed in this dissertation.
The following are computer commands as used to run 
programs for analyzing data collected during my research. 
Commands are written for use with MTS (Michigan Terminal 
System) at Wayne State University.
A. IMMUNODIFFUSION DATA
Information after G. W. Moore, 20 June 1974, in a 
Volume entitled EVLIB (LIBrary of programs for making 
Evolutionary inferences from data on contemporary species) 
[see also Goodman and Moore (1971)].
1. To generate Antigenic Distance Table, use the following 
command [on one line (for this and all subsequent com­
mands) ]:
$R IMDFN 3=Antiserumfile 4=Outfile 5=Immunofile 6=Printfile 
7=Scratchfile 8=Resultfilel
Whereas:
Antiserumfile - contains the species computer numbers com­
pared with this antiserum, and the assigned number for the 
host employed to produce this antiserum
Outfile - contains listing of all species compared with all 
the antisera (each species is assigned a computer number)
Immunofile - contains results (spur sizes) of all IMDFN 
comparisons
Printfile - contains Antigenic Distance Table
Scratchfile - contains "rough notes" useful only during 
running the program
Resultfilel - contains distance matrix from which the An­
tigenic Distance Tables (in Printfile) was generated (also 
needed to run the next program)
EXAMPLE
$R IMDFN 3=Elephant 4=Speci 5=Chialb 6=-6I 7--7I 8=-8l
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Note that the Antiserumfile ("Elephant" in the above 
example) may contain the species listed individually [with a 
coma (,) separating each species number], or may group a 
number of related species in their respective taxon [a "," 
separating each species and a semicolon (;) separating each 
group]. This grouping statement can be employed at any 
stage, from 1 through 3.
2. To run the AJUST program (designed to minimize the dis­
crepancies in the results obtained between and among An­
tigenic Distance Tables that should, under ideal condition, 
produce identical results), use the following command:
$R AJUST 3=Antiserumfile 4=Outfile 5=Resultfilel 
7=Scratchfile 8=Resultfile2
Whereas:
Antiserumfile - As above 
Outfile - As above
Resultfilel = Resultfilel from IMDFN ("-8I" in the example) 
Scratchfile - As above
Resultfile2 - contains adjusted distance matrices 
EXAMPLE
$R AJUST 3 =Mamm 4=Speci 5=-8l 7=-7A 8=-8A
Note that the file "Mamm" in the above example may 
contain numbers of species and antisera compared in more 
than one antiserum (in this example, for the Mammalia). 
Similarly, the "-8I" file (originally from the previous 
step) may contain results of more than one Antigenic Dis­
tance Table.
3. To run the UWPGM program [UWPGM=UnWeighted Pair Group 
Method, after Sokal and Michener, 1958. This algorithm 
groups species according to their shortest distance (based 
on the distance matrix in "-8A" in the above example)], use 
the following command:
$R UWPGM 3=Antiserumfile 4=Outfile 5=Resultfile2
6=Printfile 7=Scratchfile 8=Dendrogramfile
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Whereas:
Antiserumfile - As above 
Outfile - As above
Resultfile2 = Resultfile2 from AJUST ("-8A" in the example)
Printfile - contains dendrogram (written out, not drown, 
with average antigenic distances between branches)
Scratchfile - As above
Dendrogramfile - contains results from which the dendrogram 
(in Printfile) was generated.
EXAMPLE
$R UWPGM 3=Mamm 4=Speci 5=-8A 6=-6U 7=-7U 8=-8U
B. AMINO ACID SEQUENCE DATA
Information after G. W. Moore, 20 June 1974 in the 
Volume entitled EVLIB (see A above); also see Goodman et 
al. (1982). J. Czelusniak has expanded the Maximum Par­
simony algorithm to handle large data files and to run more 
efficiently (see Goodman et al., 1979).
1. To generate a matrix of minimum mutation distances from 
data [following the procedure of Fitch and Margoliash 
(1967)], use the following command:
$R TPMMD 3=Datafile 4=Scratchfile 6=Scratchfile 
7=Scratchfile 8=Resultfile
Whereas:
Datafile - contains sequences or characters from molecular 
or morphological studies, respectively
Scratchfiles - are useful during the program run only
Resultfile - contains the distance matrices, the raw data 
for the next two programs
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EXAMPLE
$R TPMMD 3=Bandoola 4=-4T 6=-6T 7=-7T 8=~8T
At this point construction of a starting tree (as a 
basis for the branch-swapping) can be conducted either by 
the UWPGM [of Sokal and Michener, 1958] or by the distance 
Wagner tree [of Farris, 1972],
2. To generate an UWPGM tree, use the following command:
$R UWPGM 3=DistanceMatrixFile 4=Dendrogramfile 
6=Scratchfile
Whereas:
DistanceMatrixFile - obtained from the previous step 
Dendrogramfile - contains the UWPGM tree 
Scratchfile - As before 
EXAMPLE 
$R UWPGM 3=-8T 4=-4U 6=-6UW
3. To generate distance Wagner tree, use the following 
command:
$R FTE 3=DistanceMatrixFile 4=Dendrogramfile 
6=Scratchfile
Whereas:
All files as before 
EXAMPLE
$R FTE 3=-8T 4=-4F 6="6F
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To conduct a branch-swapping on either of the trees 
(UWPGM or FTE) generated in the previous examples, use the 
following command:
$R MPAA200 3=Datafile 4=Treefile 6=Resultfile 
7=Scratchfile 8=Scratchfile
Whereas:
Datafile - As before
Treefile - can be either UWPGM tree or FTE tree
Resultfile - contains the results after branch-swapping 
including the scores of the final tree and the intermediate 
steps
Scratchfiles - As before 
EXAMPLES
$R MPAA200 3=Bandoola 4=-4U 6=-6M 7=-7M 8=~8M 
OR
$R MPAA200 3=Bandoola 4=-4F 6=-6MP 7=-7MP 8=-8MP
At this stage various phylogenetic hypotheses may be 
tested by rearranging the branching pattern on the most, or 
one of the most, parsimonious trees. Once the various 
hypotheses are tested and the investigator is satisfied with 
a particular tree, the genetic codes of the hypothetical 
ancestors of the recent species may be reconstructed by 
employing the TPA program. This program also provides the 
investigator with the synapomorphies and autapomorphies for 
a lineage or a taxon.
To run TPA program, use the following command:
$R TPA220 3=Datafile 4=Treefile 6=Resultfilel 7=Scratchfile 
8=Scratchfile 9=Resultfile2
Whereas:
All except treefile and resultfiles are as before
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Treefile - The one selected from branch-swapping
Resultfilel - contains synapomorphies and autapomorphies
Resultfile2 - contains data that can be used to run TAVA 
program (see below) as well as the sequences for the 
hypothetical ancestors
EXAMPLE
$R TPA200 3=BAND00LA 4=SelectedTree 6=-6TP 7=-7TP 8=-8TP 
9=-9TP
At this point if the investigator wishes to obtain the 
average number of nucleotide replacements (NR) on the 
branches of the selected tree, then she/he needs to employ 
the TAVA program. Before running the TAVA program one needs 
to edit the selected treefile by: (a) changing the number of 
folders [the new number can be found in the resultfile as­
sociated with the sequences for the hypothetical ancestors 
(=Resultfile2)] and (b) placing an asterisk (*) at the end 
of each line in the selected treefile, except the first and 
the last lines.
To run the TAVA program, use the following command:
$R TAVA 3=Datafile 4=EditedSelectedTreefile 6=Resultfile 
7=Scratchfile 8=Scratchfile 9=Scratchfile
Whereas:
All except Datafile, EditedTreeFile and Resultfile as 
before
Datafile = Resultfile2 from TPA200
EditedSelectedTreefile - As explained in the above 
paragraph
Resultfile - contains augmented and unaugmented linklengths 
= NR, and part of data for calculating rates of evolution.
EXAMPLE
$R TAVA 3=-9TP 4=EditedSelectedTree 6=-6TA 7=-7TA 8=-8TA 
9=-9TA
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C. MORPHOLOGICAL DATA
Information after Swofford (1984, and pers. comm.).
Note that the morphological data were analyzed by two Maxi­
mum Parsimony tree building algorithms: a) after Goodman et
al., 1982 [GMPM=Goodman’s maximum parsimony method], b) 
after Swofford, 1984 [PAUP=phylogenetic analysis using par­
simony]. Protocol for GMPM was given above. For PAUP, a 
brief example is presented below [ALL COMMANDS MUST BE TYPED 
IN UPPER CASE (=CAPITAL) LETTERS]:
COMMAND 
$R BOZO:PAUP 
MAMM100 
-M
DEFINE OUTGROUP 1-2;
SET ROOT=OUTGROUP; 
UNORDERED ALL;
TOPOLOGY (____ );
GO/APOLIST TREEOUT=4;
Whereas:
BOZO = Botany and Zoology
MAMM100 = name of data file
-M = name of output file
1-2 = species 1 and 2 are
designated as outgroups
Confirmation
All characters are to be treated 
as unordered. "Ordered" and 
mixed ("ordered" and "unorder­
ed") are also possible.
Optional - A given tree can be 
tested.
GO/... = execute program with these 
options (other options are also 
available), e.g.,
"GO/SWAP = GLOBAL MULPARS;"
APOLIST = a list of apomorphies 
(for species) and synapomorphies 
(for branches).
TREEOUT=4 = two types of trees 
will be drawn: (a) with 
each branch-length drawn pro­
portional to the number 
of changes assigned 
to the branch,
(b) as a cladogram, i.e., only 
branching pattern without 
anagenetic information.
END;
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Appendix R. A Geological Time-scale [simplified after 
the Geological Society of America (1985)].
ERA PERIOD EPOCH
AGE IN 
MILLIONS 
OF YEARS
CENOZOIC Quaternary Recent 0.01
Pleistocene 2
Tertiary Pliocene 5
Miocene 25
Oligocene 38
Eocene 55
Paleocene 65
MESOZOIC Cretaceous 140
Jurassic 200
Triassic 240
PALEOZOIC Permian 280
Carboniferous 350
Devonian 400
Silurian 440
Ordovician 500
Cambrian 570
PRECAMBRIAN
ORIGIN OF EARTH 4,500
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PAENUNGULATA (=PAEN): A total of 182 non-dental mor­
phological characters from 100 species (79 extant, 21 ex­
tinct; 98 mammals and 2 non-mammals) was analyzed by two 
maximum parsimony tree building algorithms. Parallel ana­
lyses of 2,258 pairwise immunodiffusion (IMDFN) comparisons 
with 16 chicken antisera on 101 mammalian species (repre­
senting 22 taxa) and of amino acid sequence data of alpha 
and beta hemoglobins and other published protein sequences 
were also conducted. Morphological and molecular results 
agree that Eutheria consists of five major clades and that 
rates of evolution are similar in the two approaches. Fol­
lowing are close relationships based on osteological 
results: (1) Proboscidea, Sirenia, Desmostylia, Hyracoidea, 
Embrithopoda (=PAEN); (2) Cetacea, PAEN; (3) Tubulidentata, 
Ungulata (Artiodactyla and Perissodactyla), Notoungulata; 
(4) Ungulata, PAEN; and (5) Rodentia, Lagomorpha, Macro-
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scelidea. Differences based on molecular results include:
(1) Tubulidentata, PAEN; (2) Cetacea, Ungulata; (3) Distant 
Ungulata, PAEN; and {4) Carnivora, Pholidota.
ELEPHANTIDAE: Analyses of 58 non-dental osteological 
characters show that among the Elephantidae Mammuthus(*) and 
Elephas are more closely related to each other than either 
is to Loxodonta; Gomphotherium(*) and Mammut(*) were 
employed as outgroups {+ = extinct). These results are con­
gruent with the classical dental-based hypothesis. Also, 
the lineage of Mammuthus-Elephas evolved faster than Lox­
odonta . Immunologically, however, it was not possible to 
establish which of the three genera shares closest kinship.
New findings include: (1) close immunological relation­
ships of Tubulidentata to PAEN, and of Mammut americanum(*) 
to Elephantidae; (2) immunological reactivity of muscle and/ 
or clotted blood from two of the three Mammuthus primiqenius 
studied; (3) stylohyoideum characters, especially of Gom- 
photherium(*) and Serridentinus(*); and (4) many osteologi­
cal characters and five skull foramina/openings.
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High School:
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Married, no children
Kibbutz Misgav-Am and Technichon 
External High School, Tel-Aviv,
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B.Sc. 1975 (with distinction),
Wayne State University, Department of 
Biological Sciences, Detroit, Michigan,
MUSEUM WORKS/RESEARCH
1958-1960
1969-1970,
1974-1975
1976-1986
1976-1977
1977-1978
StartedKibbutz Misgav-Am, northern Israel, 
small natural history museum.
Wayne State University, Detroit, Michigan.
College Work Study Program. Skeleton and 
study-skin preparations, including tanning.
As part of the author's Ph.D. research, he worked 
at and/or collected data at 22 museums and 
field locales in the USA (11), Europe (5), 
Africa (4), and Asia (2) (see Appendix 0).
Wayne State University, Museum of Natural His­
tory. Skeleton preparation and systematic 
cataloging, Graduate Assistant (two quarters).
American Museum of Natural History, New York. 
Department of Mammalogy (Supervisor: Sydney
Anderson, Ph.D.). Curatorial-Research Interns, 
for three months (July-September and December, 
1977; Part of January, 1978). Relocated scat­
tered elephant skeletons from six locations 
into one, the Elephant Room (West Tower of At­
tic in Section 2), all arranged to be easily
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approached and studied. Examination of carpal 
and tarsal bone elements of the Paenungulata 
(elephants and their closest relatives).
1979 —  National Museum of Natural History, Smithsonian
(Summer) Institution, Washington, D. C., Division of
and Mammals (Supervisor: Charles 0. Handley, Jr.,
1980 —  Ph.D.). Studying mammalian cranial foramina
(Winter) and postcranial characters of Elephantidae (for
3 months). Supported by B. Haley Summer 
Scholarship at Wayne State University (WSU) and 
Short-term visitor at the Smithsonian In­
stitution.
American Museum of Natural History, New York, 
Department of Mammalogy (Supervisor: Sydney
Anderson, Ph.D.). Continued the study of 
postcranial skeletons of the Elephantidae (for
4 weeks). Supported in part by Wayne State 
University. A study (with L. Roth) on molar 
identification of Elephas maximus was initiated 
in both museums during winter of 1980.
Usage of computer to analyze data: familiarity
with Fortran language and employment of 
programs to generate phylogenetic trees.
A trip to Europe, Asia and Africa. Visited 
natural history museums in London, Brussels, 
er) Stockholm, Leningrad, Jerusalem, Cairo, and 
Nairobi. Collected data as well as research 
material (including parts of fossilized bones 
and skins) from Proboscidea and related taxa. 
Also visited the Fayum Basin in Egypt and 
national parks in Africa.
1980-1986
1982-1983 
(Summer 
to Wint
CAREER PERTAINING TO ANIMAL MANAGEMENT
1958-1960
1963-1965
1965
(Spring)
1965-1966
1966-1968 
1967
1969-1970, 
1974-1975
1970
(Spring)
1970-1971
Kibbutz Misgav-Am, northern Israel. Worked as a 
shepherd and established an animal corner.
Tel-Aviv Zoo, Tel-Aviv, Israel. Zoo keeper.
Research Zoo, Department of Zoology, Tel-Aviv 
University, Tel-Aviv, Israel. Special train­
ing (Supervisor: H. Mendelssohn, Ph.D.).
Chester Zoo, Chester, England. Learning methods 
of animal care and zoo management.
Tel-Aviv Zoo, Tel-Aviv, Israel. Head Zoo Keeper.
Ten days (June 28 - July 7) journey on a camel's 
back from the Gulf of Suez to the Tel-Aviv Zoo.
Wayne State University, Detroit, Michigan,
College Work Study Program. Maintenance and 
management of laboratory and exotic animals.
Canterbury Veterinary Hospital, Detroit,
Michigan. Veterinary assistant.
Pontiac Medical Science Laboratories (Director: 
Donald Dawson, M.D.), Pontiac, Michigan. 
Pre- and post-operative care of animals and 
assisting in operations.
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SUNDRY JOBS HELD
1957-1958 Tel-Aviv, Israel. Held various jobs mostly in
(parts) carpentry, blacksmithing, and construction.
1970 Gar Wood Detroit Truck Equipment, Inc. Welding.
(Summer)
1971-1972 Power Vac Service, Detroit, Michigan. Construc­
tion.
FIELD EXPERIENCES
Mostly pertaining to the molecular aspect of my research
1972 National Institute of Health, Far East (under a
(Feb.- grant for William Prychodko, Ph.D., total of
(June) nine countries). Collecting primate and other
blood samples.
1972 Returned to visit national parks in India and
(Fall) Sri-Lanka, collected a few samples.
1973 East Africa (Kenya and Tanzania). Extensive
(9 months) travelling and park safaris. Established con­
tacts, collected museum specimens.
1976 Research Zoo, Department of Zoology, Tel-Aviv
(Summer) University, Tel-Aviv, Israel. Collected blood
and muscle tissue samples.
1978 Department of Anatomy, Wayne State University,
(Summer) Detroit, Michigan (Sponsor: Morris Goodman,
Ph.D.). A research trip to Israel, East and 
southern Africa; collected blood and muscle 
tissue samples and museum specimens.
Pertaining to Paleontological/Archeological Aspects
1960, 1962 Abel-beth-ma'acah and Azekah (two ancient cities 
(Spring, c. 1,000 B.C. believed to be the ones
Fall) mentioned in the Bible, located in Israel, at
the Upper Galilee and at the foot of Judean 
mountains near Jerusalem, respectively). 
Volunteered help for archeological excavations 
for a few days.
1979 Hermitage and Kimmswick, Missouri. Pleistocene,
(Summer) mostly mastodon (Mammut americanum), excavation
sites (Principal Investigators: Jeffrey
Saunders and Russell Graham, respectively). 
Participated in the excavations for two days. 
1982 Fayum Province. Oligocene and Eocene Formations
(November) (Principal Investigator: Elwyn L. Simons).
Participated in the fossil findings for a few 
days.
1983, 1984 Shelton Mastodon Excavation Site, Oakland County, 
1985 Michigan. Pleistocene. The author is the
(Summers) Principal Investigator. Major findings in­
cluded: Mastodon (Mammut americanum); Scott's
moose (Cervalces scotti); Muskrat (Ondatra
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zibethicus); meadow vole (Microtus pennsyl- 
vanicus); bone fragments of birds, reptiles, 
amphibians, and fish; many invertebrates and 
plant material; projectile point.
TEACHING EXPERIENCES
1973
1975-1977
1978-1979
1981-1982
1983, 1984 
1985 
{Summers)
Kenyatta Elementary School, Nairobi, Kenya. 
Taught: biology, mathematics, and physical
education.
Department of Biological Sciences, Wayne State 
University, Detroit, Michigan. Graduate Teach­
ing assistant. Taught: laboratory sections of 
Comparative Vertebrate Zoology (6) and coor­
dinated that course (1); Anatomy and Physiology
(2); Bioecology (1); Natural History of Ver­
tebrates (1); Mammalogy (1).
Oakland Community College, Highland Lakes Campus, 
Union Lake, Michigan. Conducted a class (nine 
months) in which we prepared and mounted the 
skeleton of an American mastodon (Mammut 
americanum), technically named the Groleau- 
White Lake Mastodon, also known as "Elmer." A 
mural on canvas depicting the habitat in 
Michigan 10,000 years ago has been attached to 
the wall behind the skeleton. Several exhibit 
cases, charts, a guidebook and documentary film 
complete the project. A book "Giants from the 
Past" published by the National Geographic 
Society documents part of our efforts.
of Science, Oakland Community 
Lakes Campus), and Wayne 
(Department of Biological 
courses "Excavating for a 
summers. The courses also
Cranbrook Institute 
College (Highland 
State University 
Sciences). Taught 
Mastodon" during the
1984(Wint­
er , Fall)
1985 (Fall
1986 
(Winter)
involved field work.
College of Lifelong Learning, Wayne State 
University, Detroit, Michigan. Taught:
) Environmental Science (three separate courses) 
Teaching: Introduction 
to Life (Bio. 0100).
PROFESSIONAL SOCIETIES:
American Society of Mammalogists 
East African Wild Life Society 
Elephant Interest Group 
Fauna and Flora Preservation Society 
Michigan Academy of Sciences 
Michigan Mineralogical Society 
Phi Sigma (Beta Omega Chapter)
Sigma Xi (WSU Chapter)
Society of Vertebrate Paleontology 
Wildlife Society of South Africa
642
SUMMARY OF SCHOLARSHIPS, AWARDS AND FELLOWSHIPS;
Award (towards) Institution Tenure
Training at Chester 
Zoo, England 
College Work Study
Research Trip/
Far East
Curatorial-Research 
Interns
Research Trip/Africa
Graduate Teaching 
Assistant 
B. Haley Summer 
Scholarship 
Short-term visitor
Grant-in-Aid of 
Research
Graduate Fellowship
Research Trip/
Eurasia and Africa 
NATO Workshop on 
Rodent
Relationships
Tel-Aviv Zoo,
Israel 
Wayne State
University, Detroit 
National Institute of 
Health (under grant 
for W. Prychodko) 
American Museum of 
Natural History
Wayne State 
University 
Wayne State 
University 
Wayne State 
University 
Smithsonian 
Institution 
Sigma xi, The
Scientific Research 
Society 
Wayne State 
University 
Wayne State
University (in part) 
NSF (through the 
University of 
Puerto Rico)
June 1965 to 
July 1966 
1969-1970, 
1974-1975 
Feb.-June 
1972
July-Sept. 
1977, Dec.- 
Jan. 1977-78 
Summer 1978
Fall 1975 to 
Spring 1979
Summer 1979
Summer 1979
Summer 1980
Sept. 1979 to 
Aug. 1981 
Summer 1982 to 
Winter 1983
June-July 1984
ACADEMIC SERVICES
1979-1983 Survival Service Commission (SSC) of the Inter­
national Union for Conservation of Nature and 
Natural resources (IUCN), African Elephant 
Specialist Group. Served as an honorary con­
sultant .
1980-1986 National Geographic Society,
D.C. Have been serving as a 
publications (mostly on elephants 
forms, see for example, Book 
vol., Nat. Geogr. Soc., 1981;
Vol. 158 (5):582-583; Giants
Nat. Geogr. Soc., 1983).
1978-1979 American Society of Mammalogists.
the Conservation of Land Mammals 
1983- American Society of Mammalogists.
Present the Mammal Slide Libraries 
1980 Earth Watch. Reviewed
elephants at the
Washington, 
consultant on 
and related 
of Mammals, 2 
Nat,
From
Geogr. 
the Past
A member 
Committee.
A member of 
Committee. 
a proposal for research 
Washington Park Zoo.
of
on
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1980-1986 American Association for the Advancement of
Science, American Society of Mammalogists, and 
Society of Vertebrate Paleontology. Reviewed 
manuscripts for Science, J. Mammal., and 
J. Vert. Paleontology, respectively.
1984 Serving as a consultant (answers to questions and
verifications to statements on elephants) to 
the staff of the television game "Hollywood 
Squares."
1985- Species Survival Program for Asian Elephant of
Present the American Association of Zoological Parks
and Aquariums (AAZPA). Serving as a technical 
consultant.
SCHOLARLY ACTIVITIES
1977 Elephant Interest Group. Initiated the es­
tablishment of the group (and the subsequent 
publications) during the 57th Annual Meeting of 
the American Society of Mammalogists, June 19- 
23, East Lansing, Michigan.
1979 Elephant Symposium. Organized as part of the
Fifty-Ninth Annual Meeting of the American 
Society of Mammalogists, June 17-21, Oregon 
State University, Corvallis, Oregon.
(Proceedings were published in Elephant Suppl. 
to Vol. 1).
1977- Editor of the publication Elephant. As of today,
1986 the Elephant Interest Group has published a
total of six issues (Volume 1, Nos. 1, 2, 3, 4 
and Supplement to Vol. 1; Vol. 2, No. 1). 
Volume 2, No. 2 is almost finished, will go to 
press soon after completion of Ph.D. require­
ments.
1980, Participated in dissections of three elephants
1981 (one was conducted at Wayne State University,
Detroit, Michigan; see Elephant, 2(1):3 — 93,
especially 78).
1980- Participated in the dissections of a number of
1981 large mammals that died at the Detroit
Zoological Gardens, Royal Oak, Michigan.
1977- Presented movies or slides on elephants and other
1985 wildlife at every ASM meeting attended and at
international meetings attended.
COMMUNITY SERVICE
Illustrated lectures (mostly in Michigan but in other 
states too), newspaper articles (by and on the author), 
radio and T.V. interviews and exhibits of elephant (and 
other proboscidean) materials. Below are some examples:
1979 University Courses in Adult Education at Wayne
(Fall) State University. General course on elephants
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1980 (Fall) given at the Detroit Zoological Gardens, Royal
Oak, Michigan.
1980 Cranbrook Institute of Science, Bloomfield
(Feb. 22) Hills, Michigan. Lecture entitled: "Mastodons, 
Mammoths, and Elephants."
1982 Elephant Day at the National Zoological Park,
(April 24) Smithsonian Institution, Washington, D.C. In­
vited to give a slide presentation entitled 
"Why Save the Elephants?"
1982 The Elephant Interest Group participated in the
(July International Wildlife Foundation’s 1982
9-11) Wildlife Film Festival and Conference at the
Hyatt Regency Hotel, Dearborn, Michigan.
1984 Rock Exchange Club, Canton, Michigan. Lecture of
(Jan. 20) the Mastodon Excavation Site at Brandon
Township, Oakland County, Michigan.
1984 University of Nebraska Medical Center, Omaha,
(Dec. 20) Nebraska. Lecture entitled: "Elephant
research: encounters, dissections, and his­
torical aspects."
1983,1984 Greater Detroit Gem and Mineral Show of the
1985 Michigan Mineralogical Society. Exhibited some
(Octobers) of the major finds from the Shelton Mastodon
Excavation Site.
PUBLICATIONS - PUBLISHED, IN 
PRESS. SUBMITTED. AND IN PREPARATION:
Published and In Press
Shoshani, J. 1966. I worked, I saw and I learned. Bevar
(Tel-Aviv Zoo Periodical), 22:7-8. (In Hebrew, on the 
experience gained at Chester Zoo, England).
Shoshani, J. 1967. From Southern Sinai to Tel-Aviv.
Bevar, 25:10-12. (In Hebrew, on the adventures while
riding a camel for 10 days).
Shoshani, J. 1968. Among feathered creatures in our zoo. 
Bevar, 26-27:17-29. (In Hebrew, on a wagtail that fought 
its reflected image on the scale set for humans, and on an 
attempt for match-making between "Roby" my crow and 
another crow).
Shoshani, J. 1968. My friend Roby the crow. Le’Dory
Publication House Ltd. Tel-Aviv, Israel, 80 pp. (In
Hebrew, Junior Library).
Shoshani, J. 1974. Ahmed King of Marsabit. Saleet (a
periodical for youth, published by the Society for the 
Protection of Nature and the Nature Reserves Authority in
Israel), B/9(May):26-28. (In Hebrew, a short account on
the legendary elephant, Ahmed, who lived in Marsabit, 
Kenya).
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Shoshani, J. 1978. General information on elephants with 
emphasis on tusks. Elephant, 1(2):20-31.
Goodman, M., J. Shoshani, and M. I. Barnhart. 1979. Frozen 
mammoth muscle: preliminary findings. Paleontology
Newsletter, No. 35:3-5.
Barnhart, M. I., S. P. Barmatoski, M. Goodman, A. E. Romero- 
Herrera, M. A. Lande, D. E. Birk, J. Shoshani,
w. Prychodko, E. J. Lerman, and V. M. Mikhelson. 1980. 
Tissue vestiges of an ancient Magadan mammoth calf.
Scanning Electron Microscopy, 11:163-170.
Shoshani, J., M. Goodman, M. I. Barnhart, W. Prychodko, 
N. K. Vereshchagin, and V. M. Mikhelson. 1981. Blood 
cells and proteins in the Magadan mammoth calf: im­
munodiffusion comparisons of Mammuthus to extant paenun- 
gulates and tissue ultrastructure. Pp. 191-220, in 
Magadan baby mammoth, Mammuthus primiqenius (BlumenbachT 
(N. K. Vereshchagin and V. M. Mikhelson, eds.). "Nauka" 
Publishers, Leningrad, 296 pp.
Olds, N., and J. Shoshani. 1982. Procavia capensis. Mam­
malian Species, No. 171:1-7.
Shoshani, J., and J. F. Eisenberg. 1982. Elephas maximus. 
Mammalian Species, No. 182:1-8.
Shoshani, J. et al. 1982. On the dissection of a female
Asian elephant (Elephas maximus maximus Linnaeus, 1758) 
and data from other elephants. Elephant, 2(1):3-93.
Domning, D. A., K. N. Hoeck, D. W. Rice, and J. Shoshani. 
1982. An annotated checklist on the Paenungulata. Pp. 
305-307, 312-314, in: Mammal Species of the World: a
Taxonomic and Geographic Reference (J. H. Honacki, K. E. 
Kinman and J, W, Koeppl, eds.). Allen Press., Inc. and 
the Association of Systematic Collections. University of 
Kansas, Lawrence, Kansas, 694 pp.
Dorr, V., N. Goebel, J. Haslock, K. Lehto, J. Shoshani, 
P. Sujdak, M. A. Vaerten, F. Zoch, and P. Zoch. 1982. A 
guide to the Groleau-White Lake Mastodon (Michigan's 
Second Mounted Mastodon), Mammut americanum. Oakland 
Community College, Highland Lakes Campus, Union Lake, 
Michigan, 19 pp.
Shoshani, J., M. Goodman, J. Czelusniak, and G. Braunitzer. 
1985a. A phylogeny of Rodentia and other eutherian or­
ders: parsimony analysis utilizing amino acid sequences of 
alpha and beta hemoglobin chains. Pp. 191-210, in Evolu­
tionary relationships among rodents: a multidisciplinary
analysis (W. P. Luckett and J. -L. Hartenberger, eds.). 
[Series A: Life Sciences Vol. 92] Plenum Press, New York,
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x iii + 721 pp.
Shoshani, J., J. M. Lowenstein, D. A. Walz, and M. Goodman. 
1985b. Proboscidean origins of mastodon and woolly mam­
moth demonstrated immunologically. Paleobiology, 
11(4):429-437.
Shoshani, J., D. A. Walz, M. Goodman, J. M. Lowenstein, and 
W. Prychodko. 1985c. Protein and anatomical evidence of 
the phylogenetic position of Mammuthus primiqenius within 
the Elephantidae. Acta Zool. FennTcaV 170:237-240.
Shoshani, J. 1986. Mammalian phylogeny: comparison of
morphological and molecular results. Molecular Biology 
and Evolution, 3(3):222-242.
Shoshani, J. In Press. Henry Fairfield Osborn. I_n
Biographical Dictionary of North American Environmen­
talists (K. B. Sterling, ed.). Greenwood Press, Westport, 
Connecticut.
Shoshani, J., C. A. Goldman, and J. G. M. Thewissen. In 
press. Orycteropus afer. Mammalian Species, No. 317:1-8. 
(Ac c ept ed).
Roth, V. L., and J. Shoshani. In Press. Age determination: 
distinguishing the cheek teeth. In Asian elephants: be­
havior, ecology, and conservation (J. F. Eisenberg, 
J. Seidensticker and R. Rudran, eds.). University of
Chicago Press, Chicago.
Submitted and in Preparation
Roth, V. L., and J. Shoshani. Dental categories in the on­
togeny of Elephas maximus. Submitted to Journal of Zool­
ogy (London).
Thurlow, S. J., and J. Shoshani. In Preparation. Fresh­
water Mollusca from a mastodon excavation site, radiocar­
bon dated 12,320 ± 110 years before present.
Book Reviews
Shoshani, J. 1980. A review of "The Struggle for survival: 
the elephant problem" by John Hanks. J. Mamml., 
61(4):782-783. Versions of this review also appeared in 
Elephant, 1 (4) :218-221, and in The Explorer, 22(4);20-21.
Shoshani, J. 1982. A review of "Elephants: the vanishing 
giants" by Dan Freeman. Elephant, 2(1):151-153.
Shoshani, J. 1986. A review of "Elephants" by S. Keith 
Eltringham. Elephant, 2(2):136-138.
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PAPERS PRESENTED (MOST WITH PUBLISHED ABSTRACTS)
AND ABSTRACTS:
Shoshani, J., M. Goodman, W. Prychodko, and K. Morrison. 
Immunodiffusion Survey of the Subungulates. Presented at 
the 31st Annual Meeting of the Michigan Academy of 
Science, Arts, and Letters, Central Michigan University, 
Mount Pleasant, Michigan. March 18-19, 1977.
Shoshani, J., M. Goodman, W. Prychodko, and K. Morrison. 
Relationships among the Subungulates as demonstrated by 
immunodiffusion analysis of serum proteins. Presented at 
the 57th Annual Meeting of the American Society of Mam- 
malogists. Michigan State University, East Lansing, 
Michigan. June 19-23, 1977. {Abstract No. 118).
Shoshani, J., W. Prychodko, M. Goodman, and J. Czelusniak. 
Tarsus and Carpus as tools in determining phylogenetic 
relationships. Presented at the 82nd Annual Meeting of 
the Michigan Academy of Science, Arts, and Letters. 
Eastern Michigan University, Ypsilanti, Michigan. March 
17-18, 1978.
Shoshani, J., W. Prychodko, M. Goodman, K. Morrison, and J. 
Czelusniak. The aardvark, Orycteropus afer, as a fourth 
member of the Paenungulata. Presented at the 58th Annual 
Meeting of the American Society of Mammalogists. Univer­
sity of Georgia, Athens, Georgia, June 13-17, 1978.
(Abstract No. 74, Page 37).
Shoshani, J., M. Goodman, W. Prychodko, and K. Morrison. A 
survey of the contemporary Paenungulata - an immunodiffu­
sion approach. Presented (in absentia) at the Second 
International Theriological Congress. Czechoslovak 
Academy of Science, Brno, Czechoslovakia. June 20-27, 
1978. (Abstract on Page 75).
Shoshani, J., M. Goodman, W. Prychodko, and J. Czelusniak. 
Cladistic and computer analysis of the Paenungulata. 
Presented at Annual Meeting of the Society of Systematic 
Zoology, Richmond, Virginia. December 27-30, 1978.
(Abstract, Amer. Zool., 18(3):601).
Shoshani, J., M. Goodman, M. Barnhart, and W. Prychodko. 
Immunological evidence supporting the proboscidean origin 
of Mammuthus. Presented at the 59th Annual Meeting of the 
American Society of Mammalogists. Oregon State Univer­
sity, Corvallis, Oregon. June 17-21, 1979. (Abstract 
No. 13, Page 7).
Shoshani, J. Immunodiffusion and Osteological evidence for 
close phylogenetic affinity of Mammuthus and Elephas. 
Presented at the Annual Meeting of the Society of Sys­
tematic Zoology. Tampa, Florida. December 27-30, 1979.
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(Abstract, Amer. Zool., 19(3):893).
Barmatoski, S. P., M. I. Barnhart, E. Lerman, J. Shoshani, 
and M. Goodman. Tissue vestiges of an ancient Magadan 
mammoth calf. Presented at the Scanning Electron Micro­
scope Meeting. Chicago, Illinois, April 21-25, 1980.
Shoshani, J., W. Prychodko, M. Goodman, and J. Czelusniak. 
Relationships and evolutionary rates among Loxodonta. 
Elephas and Mammuthus. Presented at the 60th Annual 
Meeting of the American Society of Mammalogists. Univer­
sity of Rhode Island, Kingston, Rhode Island, June 8-12, 
1980. (Abstract No. 181).
Shoshani, J., et. al. 1980. An abstract on the dissection 
of a female Asian elephant (Elephas maximus maximus Lin­
naeus, 1758). Elephant, l(4):44-46.
Shoshani, J., W. W, Mathews, M. Bulgarelli, N. J. Mizeres, 
and S. S. Lash. On the trachea-oesophageal muscle of 
Elephas maximus. Presented at the 61st Annual Meeting of 
the American Society of Mammalogists. Miami University, 
Oxford, Ohio, June 7-11, 1981. (Abstract No. 210).
Shoshani, J., D. A. Walz, M. Goodman, J. M. Lowenstein, and 
W. Prychodko. Protein and anatomical evidence on the 
phylogenetic position of Mammuthus primiqenius within the 
Elephantidae. Presented at the Third International 
Theriological Congress. University of Helsinki, Helsinki, 
Finland, August 16-20, 1982. (Abstract on page 225).
Shoshani, J. On the stylohyoidea of five proboscidean 
genera and their phylogenetic significance. Presented at 
the 63rd Annual Meeting of the American Society of Mam­
malogists. University of Florida, Gainesville, Florida, 
June 19-23, 1983. (Abstract No. 224).
Shoshani, J., M. Goodman, J. Czelusniak, and G. Braunitzer. 
A phylogeny of Rodentia and other eutherian orders: par­
simony analysis utilizing amino acid sequences of alpha 
and beta hemoglobin chains. Presented at the NATO Ad­
vanced Research Workshop entitled "Multidisciplinary 
analysis of evolutionary relationships among rodents," 
Paris, France, July 2-6, 1984.
Shoshani, J. A phylogeny of Rodentia and other eutherian 
orders: parsimony analysis utilizing skull foramina,
canals, and other skull openings. Presented at the NATO 
Advanced Workshop entitled "Multidisciplinary analysis of 
evolutionary relationships among rodents," Paris, France, 
July 2-6, 1984.
Shoshani, J. 1984. A summary of the finds at the Shelton 
Mastodon Excavation Site, Oakland County, Michigan, USA.
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Society of Vertebrate Paleontology News Bulletin, 
No. 132:25.
Shoshani, J. 1985. Mammalian phylogeny: comparisons of
morphological to molecular results. Presented at the 
Fourth International Theriological Congress, Edmonton, 
Alberta, Canada, 13-20 August, 1985, {Abstract No. 0573, 
Session S14).
Shoshani, J. 1986. An update on the findings of the Shel­
ton Mastodon Excavation Site, Oakland County, Michigan, 
USA. Society of Vertebrate Paleontology News Bulletin, 
No. 136:22-23.
PAPERS TO BE PRESENTED
Shoshani, J. Mammalian phylogeny: comparisons of mor­
phological and molecular results (an update). To be 
presented at the 66th Annual Meeting of the American 
Society of Mammalogists. University of Wisconsin-Madison, 
Madison, Wisconsin, June 15-19, 1986.
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Errata for "ON THE PHYLOGENETIC RELATIONSHIPS AMONG PAENUN­
GULATA AND WITHIN ELEPHANTIDAE AS DEMONSTRATED BY MOLECULAR 
AND OSTEOLOGICAL EVIDENCE” by J. Shoshani (1986)
GENERAL COMMENTS: The list given below is by no means a complete
one. It includes errata and corrections as noted after this disserta­
tion was entered on microfilm (by University Microfilm international 
at Ann Arbor, Michigan). This work is currently undergoing editing 
and correction for publication by the University of Chicago Press in 
the Evolutionary Monographs series, and it may be cited as "in press”. 
I thank my Ph.D. committee members (especially Dr. Malcolm C. McKenna) 
for corrections made prior to the microfilming and Dr. Leigh Van Valen 
for editing after the microfilm was completed.
Important differences between the dissertation and the monograph 
versions will be in the presentation, reevaluation, and reanalysis of 
the morphological data (including some new characters) for the class 
Mammalia. These changes will alter some figures and tables [especial­
ly Pig. 32 (on page 224) and Table 33 (page 225-235)] and associated 
discussions. Minor corrections for Table 33 are: on page 226, 2nd 
line "project” should be "projects” and on page 227, 2nd line, and on 
page 233, 18th line "antereo" should be "antero”. Presentation of the 
data (Appendix L, pages 537-553) will be accompanied by definitions of 
all the characters (also on page 538 "Balaeonoptera" should be 
"Balaenootera”).
Errors of a general nature in the present dissertation include: 
tense problems, plural versus singular spellings (e.g., sera instead 
of serum; page 370), hyphenations, and other punctuation, upper versus 
lower cases (e.g., Condylarth instead of condylarth; page 225). When 
presenting and discussing the immunological results, the word "af­
finity" should be replaced by "similarity" (e.g., on page 278, 3rd 
paragraph, line 1), likewise, the phrase "closely related" should be 
replaced by "similar" (e.g., on page 377, paragraph 3, line 9). The 
section LITERATURE CITED (pages 572-633) has problems and corrections, 
some of which pertain to format. Others include errors; several are: 
page 575 (under Barlow, 1984) "xenarthran” should be replaced with 
"xenarthrans"; 577 (Blumenbach, 1802) "Lerden" with "Leiden"; 577 
(Boonstra, 1932) "Pareiasuarians" with "Pareiasaurians”; 584 (Day and 
Wood, 1968) "hominid and" with "Hominid 8"; 565 (Dene et al., 1980b) 
"Lucketts" with "Luckett"; and 617 (Presley, 1981) "Alsihenoid" with 
"Alisphenoid".
Following are mammalian taxa which should have the symbol (+) 
[-extinct] in the original text; page 493: Trigonolestidae, 
Dichobunidae, Dicolylidae; page 494: Taligrada, Periptychidae, Pan- 
tolambdidae, Condylartha, Meniscotheriidae, Phenacodontidae, 
Coryphodontidae, Uintatheriidae, Ancylopoda; and page 496: Ancodonta.
1
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Table 1. Specific errata for Shoshani (1986) "On the phylogenetic re­
lationships among Paenungulata and within Elephantidae..."
Page number Present text Correct ions/Notes
12: Frechkop, 1936 "X" under H Ps move to PHA Ps
13: Coryndon and "X" under PS H delete
Savage, 1973
19: Line (In) 2 manatee walruses
26: No. 44, line 3 Embrythopoda Embrithopoda
67: 1st entry DMB DBM
115: Line 11 strictii stricto ?
123: 4th entry neoaaneum sp.
141: 1st entry 
165 Line 9
alfurus babvrussa
Deruana auanicoe
169: Line 10 pinnipids pinnipeds
224-235: Fig. 32 and problems see notes above
Table 33
399: 1, 400:18, 406:3, antereo antero
457:7th entry
C-H. hvdrochaeris.247: Figure 37 C"M. monax.
D-H. hvdrochaeris D»M. monax
263: Line 13 Myomarpha Myomorpha
267: Line 9 caueana coucana
303: Ln 21, Baluchitherium Indricotherium
538:No. 210
307: Line 2 after afer
322: No. 14 than 90 more than 90
323: Line 3 244 234
324: Ftnote No. 2 almost more than
326: Line 9 springhass springhaas
351: Under taxon Gomphoter io idea gomphotherioidea
354: Ln 22 africana africanus
383: Cystein cystein cysteine
399: No. 8 premaxillae premaxilla
399: 9, 457:5th entry, maxillae maxi 11a
464:19
404: 44, 419, 420, leveled or levelled level
423, 465:31
404: No. 44 raise rise
405: No. 55, line 3 sustenacular sustentacular
406: No. 3, line 8 brachiocephally brachiocephaly
411: Branch D 13, A (?) 24, B and 40, B
430-432, 434, 437-438 stylohyoidea stylohyoid
436: Line 1 sytlohyoidea stylohyoid
442: Ln 4, 450:1ns 5 stylohyoidea stylohyoid
and 12, 561:ln 1
433 and 439: line 1 stylohyoideum stylohyoid
461: No. 5 Saint-Hillaire Geoffroy Saint- 
Hillaire
474: Line 6 gama gamma
491: No. 3, line 3 foramina foramen
493-494, 496, 501 no (+), for extinct insert ( + ), see above
512: Under Taoirus South African Tapir South American Tapir
561: Mus. No. 54910 Skstrup Sakstrup
537-553: Appendix L problems see notes above
572-633: Lit. Cited problems see notes above
